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Abstract
The desire for repair of tissue defects and injury is the major need prompting research into
tissue engineering. Engineering of anisotropic tissues requires production of ordered substrates
that orient cells preferentially and support cell viability and differentiation. Towards this goal,
this thesis investigated methodologies to align extracellular matrix structures in vitro to guide
stem/progenitor cell behaviour for tissue regeneration. Aligned collagen fibrils were deposited
on planar substrates from collagen solutions streaming through a microfluidic channel system.
Collagen solution concentration, degree of gelation, shear rate and pre-coating of the substrate
were demonstrated to determine the orientation and density of the immobilized fibrils. The
degree of collagen fibril orientation increased with increasing flow rates of the solution while the
matrix density increased at higher collagen solution concentrations and on hydrophobic poly-
mer pre-coatings. Additionally, the length of the immobilized collagen fibrils increased with
increasing solution concentration and gelation time. Aligned collagen matrices were refined by
incorporating the glycosaminoglycan heparin to study multiple extracellular matrix components
in a single system. Multilineage (osteogenic/adipogenic/chondrogenic) differentiation of mes-
enchymal stem and progenitor cells was maintained by the aligned structures. Most noticeable
was the observation that during osteogenesis, aligned collagen substrates choreographed ordered
matrix mineralization. Likewise, myotube assembly of C2C12 cells was profoundly influenced by
aligned topographic features resulting in enhanced myotube organization and length. Neurites
from neural stem cells were highly oriented in the direction of the underlying fibrils. Neurite
outgrowth was enhanced on aligned collagen compared to non-aligned collagen or poly-D-lysine
substrates, while neural differentiation and cell survival were not influenced by the type of sub-
strate. Using the new method to align collagen type I, the interior walls of cellulose hollow fiber
membranes were coated with longitudinally aligned collagen fibrils to fabricate an advanced
guidance conduit for nerve regeneration. First cell culture experiments showed that the tubes
coated with aligned collagen supported viability and adherence of spinal cord-derived neuro-
spheres. Together, these results demonstrate the feasibility of aligned collagen matrices as a
versatile platform to control cell behaviour towards tissue regeneration. Ultimately, the new
method to align collagen fibrils and to coat hollow membranes may become an integral compo-
nent of tissue engineering, working synergistically with other emerging techniques to promote
functional tissue replacements.
v
1 Introduction
Tissue loss and organ failure resulting from traumatic or non-traumatic destruction give rise
to morbidity and mortality and impose immense pressure on current health care budgets. On
an annual basis, many millions of patients undergo surgery for tissue reconstruction in order
to repair, replace, maintain or augment the functions of the affected tissues or organs [1]. To
this end, a wide variety of tissues or organs have been traditionally harvested from a donor site
and implanted into the patient. Current treatment modalities include tissue transfer from a
healthy body site to the affected site in the same individual or tissue transplantation from one
individual to another. Alternatively, replacement with mechanical devices such as artificial hip
prostheses, heart valves or stents have significantly improved patient outcomes [2]. Although
these strategies have made great progress in the field of medicine they have a number of limiting
factors. The lack of donor tissue availability results in a discrepancy between the number of
patients needing transplants and available organs. Every year, over 80.000 patients in U.S.
are waiting for tissue and organ transplantation [2]. This striking gap between donor supply
and demand is predicted to widen year by year and to further worsen in course of the ageing
of the baby-boomer generation. The need for additional surgery to harvest the graft and the
possibility of donor site morbidity are further drawbacks of organ or tissue transplantation.
Tissue or organ replacement with mechanical devices is limited by an increased risk of infection
and thromboembolism.
Therefore, great efforts have been made to develop strategies to overcome the limitations of tradi-
tional therapies and to increase the accessibility and long-term viability of tissue implants. As a
potential solution the concept of tissue engineering has emerged. It is ”an interdisciplinary field
that applies the principles of engineering and life sciences toward the development of biological
substitutes that restore, maintain, or improve tissue function or a whole organ” [3]. The tissue
engineering approach involves the use of scaffolding material that serves as environment for the
cultivation of cells that have been harvested from the patient or donor(s). Thus, engineered
constructs can be introduced into the patient’s body. There are a number of examples where
tissue engineering strategies have been successfully applied in humans including engineered skin
equivalents being in clinical use since 1997 [4]. A growing arsenal of tissue substitutes for carti-
lage, bone, blood vessel and pancreas are approved and in a recent seminal study, seven patients
benefited from tissue engineered bladders [5].
The rationale behind artificial scaffold design comes from the natural template, the extracellular
matrix (ECM). In native tissues, the extracellular matrix forms the cellular microenvironment
that is crucial for cell fate decisions and tissue growth. Thus, a tissue engineering scaffold needs
to take on this instructive role to some degree in order to choreograph cell behavior and tissue
development. Towards this goal, both biologically derived and synthetic materials have been
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extensively explored [4]. Synthetic materials offer the advantages of high reproducibility and
control over material properties. However, problems may occur such as little control over cell
behavior and tissue response in vivo [6]. Thus, latest research has spurred the development
of synthetic materials equipped with molecular cues mimicking certain aspects of structure or
function of natural extracellular microenvironment to overcome these limitations [7].
Despite these research efforts, biologically derived/ natural materials are frequently the material
of choice due to their inherent biological recognition including the presentation of receptor-
binding ligands and susceptibility to cell-triggered proteolytic degradation and remodeling. For
example, following a top-down approach, many decellularized ECM products have found clinical
use due to its inherent bioactivity sufficient to induce regeneration. Decellularized intestinal
submucosa of pigs is routinely used as skin substitutes in reconstructive surgery (an example
being Oasis Wound Matrix, Healthpoint [4]). Last year a 30-year old women benefited from the
first tissue engineering tracheal segment and confirmed this approach as a further development
towards whole organ-tissue engineering [8]. Here, the scaffold was a decellularized human donor
trachea that was seeded with the patient’s own cells after biopsy. The decellullarization protocol
solved the problem of tissue rejection so that the patient required no immuno-suppressive drugs.
In addition to intact acellular tissues, a great deal of research has focused on the use of isolated,
dissociated ECM components/biopolymers to be reconstituted and self-assembled in vitro, which
can be modified to serve as appropriate scaffolding. In contrast to decellularized scaffolding
material, this bottom-up alternative offers the advantage to study effects of single or multiple
components on cell behavior in one system. Collagen specifically has received great attention in
biomaterial research being the most abundant protein in mammals assembling into frequently
anisotropic three-dimensional fibrillar arrays specific to each tissue. However, when collagen
type I is reconstituted in vitro it looses its natural anisotropic three-dimensional architecture
assembling into a randomly oriented fibrillar network. So far, there is a lack of studies that have
set out to systematically investigate the alignment of collagen fibrils in vitro. A reconstituted
aligned collagen scaffold that more closely mimics the in vivo situation and that allows multi-
component binding of e.g. proteoglycans would provide the means for well-designed cell culture
experiments leading to a detailed understanding of cell-matrix interactions. Thus, the aim of
this study was to establish a robust technique to align native collagen type I and to examine
the biological impact of such substrates on stem and progenitor cells. However, to understand
the scope of this study there is the need to have background knowledge to construct aligned
substrates which are described in the following chapter.
2
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The scaffold is one of the key factors for successful tissue engineering. In vivo, cells derive
a vast wealth of information from their surrounding ECM, the material which surrounds and
separates them within tissues. A tissue engineering scaffold must take on this instructive role
to some degree in order to maintain cell viability and control cell behavior. Certainly, the
characteristics of a scaffold vary according to the tissue types where the scaffold is to be applied.
Nonetheless, clues for how to construct bioactive artificial scaffolds come from the naturally
bioactive scaffolds. In the following section the role of native ECM as ideal scaffold and its
components (with emphasis on those relevant for this study) will be described.
2.1 The extracellular matrix - a biomolecular scaffold
The ECM represents the secreted product of resident cells within each tissue and organ (Figure
2.1). It is an intricate network of structural and functional molecules, namely proteins, gly-
cosaminoglycans (GAGs) , glycoproteins and small molecules, organized in a three-dimensional
architecture that is unique to each tissue [9, 10]. The ECM provides the structural support
and mechanical strength required for proper function of each tissue and serves as a conduit for
information exchange between adjacent cells and between cells and the ECM itself. The ECM
plays a key role in a wide variety of processes related to cell differentiation, tissue formation
and homeostasis by providing attachment sites for cell surface receptors and feedback-controlled
reservoirs for signaling factors [9]. The components of the ECM can be roughly divided into
two main classes of molecules (i) the fibrous and adhesion proteins and (ii) the proteoglycans.
Fibrous and adhesion proteins like collagen, fibronectin, laminin and elastin impart structure
and mechanical stability to the ECM and offer structurally defined and chemically specific cell
adhesion sites. The second class of molecules are proteoglycans that are glycoproteins in a
heavily glycosylated state. These set of macromolecules are defined by a common type of post-
translational modification: the GAGs which are usually covalently bound to the protein core
(except hyaluron).
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Figure 2.1: The extracellular matrix as natural scaffold consisting of structural proteins and
proteoglycans. Adapted from ref. [11].
The common GAGs include the galactosaminoglycans, chondroitin sulfate and dermatan sulfate
and the glycosaminoglycans heparan sulfate, heparin, and keratan sulfate. Proteoglycans have a
net negative charge that attracts water molecules, keeping the ECM and resident cells hydrated.
Proteoglycans support cell adhesion and help to trap and store growth factors within the ECM.
The division of the ECM into structural and functional components is difficult since many of the
introduced molecules have both structural and functional roles in health and disease. The ECM
is in a state of dynamic reciprocity and will change in response to environmental cues. Thus,
the ultimate decision of a cell to differentiate, proliferate, migrate or apoptose is a coordinated
response to molecular interactions with the ECM molecules. This involves a highly bidirectional
flow of information between cells and their ECM including ECM degradation, synthetization
and reorganization [7]. In the following section collagen type I as major fibrous protein and
heparan/heparan sulfate as important proteoglycans will be explained.
2.1.1 Collagens
Collagen is the most abundant protein within the mammalian ECM. Greater than 90% weight
of the ECM from most tissues and organs is represented by collagen [12]. Almost thirty distinct
types of collagen have been identified each with a unique biologic function. The collagen familiy
can be categorized into different subfamilies of fibrillar (e.g. type I, II, III, V, XI ...), network-
forming (type IV, VIII, X ...), fibril-associated (IX, XII, XIV ...), transmembrane (e.g. XIII,
XVII) and multiple collagens (e.g. XV, XVIII) according to their supramolecular assembly
[13]. Collagen type I, II, III, and V are the main types that make up the essential part of
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Figure 2.2: Collagen type I fibril formation. Three polypeptide chains form a triple helix (a)
and aggregate to build collagen fibrils (b) exhibiting a regular banding pattern with
a perioditiy of 67nm (d). Many fibrils running together in a tough bundle form
the collagen fiber (d).
collagen in bone, cartilage, tendon, skin, and muscle. Collagen type I is the major structural
protein present in tissue and provides the necessary strength to accommodate the uniaxial and
multiaxial mechanical loading to which these tissue are commonly subjected. The primary
feature of a typical collagen molecule I is its long, stiff, triple-stranded helical structure (1.5 x
300 nm2) made of two identical α1(I)-chains and one α2(I)-chain which contain the sequence
repeat (G-X-Y)n, X being frequently proline and Y hydroxyproline (Figure 2.2a). These repeats
allow the formation of a triple helix which is the characteristic feature of the collagen superfamily
[13].
Current models describe the formation of collagen fibrils as a self-assembly process in which
collagen monomers laterally aggregate to form fibrils [14, 15, 16] (Figure 2.2b). These insoluble
fibrils are intermediate in length, have diameters of 10-300 nm exhibit regular band patterns
with a periodicity of 67 nm (Figure 2.2c). This banding pattern results from collagen fibril
assembly in a quasi-crystalline structure. Many fibrils running together in a tough bundle form
the so-called collagen fiber (Figure 2.2d).
In vivo, collagen type I assembles into three-dimensional (3D) () tissue-specific architectures
which perform different functions. Frequently, collagen fibrils run parallel to each other, in an
oriented fashion. In tendons and ligaments for example, collagen fibrils are oriented longitudi-
nally as parallel bundles to support the great tensile stress exerted on the tissue [17]. The organic
part of bone is mainly constructed by collagen type I fibrils in elaborate 3D arrays [18]. Lamellar
bone is filled with many collagen fibrils parallel to other fibrils in the same layer. The fibrils run
in opposite direction in alternating layers, much like plywood, assisting in the bone’s ability to
resist torsion forces. The human dermis consists predominantly of type I collagen which exists in
the form of loosely interwoven, large, wavy, randomly oriented bundles and within each bundle
the collagen is packed together closely [19]. The stroma of the cornea which constitutes approx-
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imately 90% of the corneal volume is mainly comprised of type I and V collagens existing in
parallel-organized fibrils that are further arranged in lamellae. Here the fibrils impart the desired
tensile strength and the 3D architecture of the thin collagen fibrils is believed to contribute to
cornea transparency [20]. The endoneurium of peripheral nerves surrounding individual axons
and their Schwann cell sheaths is composed predominantly of oriented collagen fibers [21].
Figure 2.3: Electron micrograph of a fibroblast surrounded by collagen fibrils in the connective
tissue of embryonic chick skin. Collagen fibrils are organized in bundles; some bun-
dles are oriented longitudinally, whereas others are seen in cross-section. Adapted
from ref.[22].
2.1.2 Proteoglycans
Besides structural proteins, the ECM consists of proteoglycans. Within this group, heparin
and heparin sulfate play an important role by regulating cellular functions and extracellular
matrix assemblies. Heparin and heparan sulfate are both members of the GAG family of car-
bohydrates and both consist of a variably sulfated repeating dissacharide unit. Within heparan
sulfate the most frequent disaccharide unit is composed of a glucuronic acid (GlcA) linked to
N-acetylglucosamine (GlcNAc) typically making up around 50% of the total disaccharide units.
Heparin, in comparison, contains IdoA(2S)-GlcNS(6S) which makes up 85% of heparins from
beef lung and about 75% of those from porcine intestinal mucosa. Numerous growth factors
and cytokines bind to heparin and heparan sulfates and moreover need their presence for being
biologically active [9]. Fibroblast growth factor (FGF) () for example requires the presence of
heparan sulfate on the cell surface or in the adjacent extracellular matrix or in the form of exo-
geneously added heparan sulfate, heparin or heparan sulfate proteoglycans [23] for high affinity
binding to their tyrosine kinase receptors. Several other growth factors including heparin bind-
ing epidermal growth factor show strong dependence on heparin for their biological function [24].
Furthermore heparin and heparan sulfate are involved in the regulation of ECM assembly and
structure binding to large, mulitdomain ECM proteins like collagen containing heparin binding
sites [9]. The immobilization of diffusible molecules on the cell surface or the extracellular matrix
presents another important function of heparin and heparan sulfate like for instance the latter
is known to both store and release FGFs in the ECM [25]. Cell surface heparan sulfate is also
known to immobilize both lipoproteins and the enzymes that act on these lipoproteins such as
lipoptrotein lipase and hepatic triglyceride lipase [26].
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2.2 Cell-matrix interactions
The integration of cell sources, scaffolds and bioactive materials drives the success of tissue
engineering applications. Constructing a substitute for tissue repair, therefore, requires a clear
understanding of cell-cell interactions and cell-biomaterials/scaffold interactions. In vivo, cellular
functions such as cell adhesion, proliferation, migration, differentiation and death are essentially
controlled by the surrounding ECM [27]. The mechanical, biomolecular/chemical and structural
properties of the ECM are consequently crucial for the selection of cells at interfaces and the for-
mation of tissues. Chemical cues, for the most part, comprise biomolecules available for binding
to cell membrane receptors which are involved in cell adhesion, polarity, migration, proliferation,
and differentiation. Physical characteristics, on the other hand, govern tensile strength of tissue,
cushioning (as in cartilage), filter functions (as in kidney), formation of boundaries between and
within tissues and the storage of growth factors, cytokines and chemokines [28]. In general, it is
difficult to make a clear distinction between biomolecular and physical cues since assemblies of-
ten unify both characteristics. Nevertheless, biochemical, mechanical and structural influences
will be discussed separately as they form the basis for successful engineering of articular cell
microenvironment.
2.2.1 Biochemical signals
Biochemical signals can be transmitted via cell surface receptors reacting to specific ligand
molecules. For example, the ECM can be remodeled in response to biomolecular signals trans-
mitted by ECM receptors such as integrins, other laminin receptors and syndecans. Most of
the ECM biomolecules contain multiple active sites to interact with different receptors depend-
ing on the particular activities. Additionally, ECM molecules may bind specifically to other
biomolecules of the ECM resulting in supramolecular assemblies. Multiple specific interactions
between fibronectin and collagen result in the formation of fibrils of collagen I, co-fibrils of col-
lagen I GAGs, or meshwork-like networks of fibronectin fibrils [28]. The deposition of collagen
type I requires integrin-mediated assembly of fibronectin into fibrils tethered to the cell surface
[29]. These examples show the interrelationship of both biomolecular and physical character-
istics of the ECM. Another mechanism based on biomolecular interactions by which the ECM
is remodeled involves the proteolytic cleavage of ECM components. For example, matrix met-
alloproteinases convert structural molecules to signaling molecules by releasing small bioactive
peptides, release growth factors stored within the ECM and degrade matrix proteins directly. To
maintain tissue homeostasis, protease activity must be under exquisite control during develop-
ment and in adult tissues [30]. The interactions between growth factors and ECM regulate cell
behavior in various ways. For instance, the direct binding of growth factors to the ECM can af-
fect the local concentration as well as the biological activity of growth factors [31]. On the other
hand, various growth factors regulate the transcription, translation, and post-translational mod-
ification of ECM macromolecules [32]. The binding of growth factors to the ECM is regulated
by the GAG side chains. Specifically, the presence of basic amino acid clusters within regions
of α-helical structure of growth factors seems to mediate the binding to the negatively charged
7
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heparin sulfate side chains of proteoglycans [33]. Fibroblast growth factor (FGF), for example,
degrades less when bound to ECM when compared to free FGF [34]. Finally other means of
signaling involve the formation of gradients like stromal cell-derived factor-1 for the homing of
circulating stem cells or spatial concentration gradients mediated by ECM biopolymers .
2.2.2 Mechanical signals
Physical cues of ECM refer to the mechanical and structural signals acting upon the embedded
cell. Most of the mechanical interactions between the cell and the ECM are integrin-mediated cell
adhesion since integrins connect mechanical components from the cytoskeleton with mechanical
components of the ECM. The cells can deform and rearrange the ECM by means of tensile
forces [35]. Additionally, cells react to the rigidity of the ECM in a highly sensitive manner.
For example, fibroblasts prefer a tissue with a Young’s modulus higher than 3 kPa [36], whereas
neurons, in contrast, naturally prefer rather soft surfaces with a Young’s modulus of 0.1 - 1 kPa
[37]. Recently, important facts were reported how substrate stiffness impacts cell differentiation.
Breast epithelial cells, for example, differentiated into tubules only when they were cultured
on a rather soft collagen matrix, whereas on rigid matrices they did not [38]. An important
work done by the Discher laboratory [39, 40, 41] showed that substrate elasticity regulated
mesenchymal stem cells (MSCs) (besides other cell types) lineage commitment in response to
substrate compliance. Polymer gels with varied elasticity could regulate MSC differentiation
towards neurons, myoblasts, and osteoblasts under identical serum conditions. Here, rather
soft matrices that mimicked brain were neurogenic, stiffer matrices that mimicked muscle were
myogenic, and comparatively rigid matrices that mimic collagenous bone proved osteogenic.
The influence of physical signal on cell behavior was also observed for cells being exposed to
mechanical stress. Active mechanical stimulation of cells results in changes of their cytoskeleton
that can have an influence on cell differentiation. The influence of static and dynamic mechanical
stress on osteoblast differentiation was also demonstrated in mechanically stressed 3D collagen
matrices [42].
2.2.3 Structural signals
So far it has been discussed how the ECM biochemically and mechanically interacts with cells.
However, it is of crucial importance how and in which pattern mechanical and biomolecular
cues are presented. One of the most investigated cell-matrix interactions is the effect of surface
topography on cellular behavior. The effect of surface topography on the development, motility,
differentiation, orientation, and alignment of cells was first reported by Harrison [43] in 1912,
and termed as “Contact Guidance” by Weiss [44] in 1945 for the ability of an underlying sub-
strate to direct or modify the response of cells. Weiss showed in his studies that nerve fibers
regenerating from explants cultured in plasma clots tend to follow a course dictated by fibrin
micelles orientated in the direction of stress within the clot. Following these early seminal stud-
ies, many studies have addressed and expand on this observation (reviewed in ref. [45]). For
example, oriented collagen fibrils have been shown to induce contact guidance of dermal cells of
8
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the dermal papillae in developing embryonic chick skin [46], as well as fibroblasts in the posterior
stroma of the developing chick cornea [47] and neural crest cells on the surface of axolotl neural
tubes [48].
An important work by Ingber and co-workers [49, 50] demonstrated that adherent endothelial
cells could be switched from proliferation to apoptosis or vasculogenesis by micropatterning a
planar surface with islands of adhesive ECM proteins. It was shown that increased cell death
occurred when cells adopted a rounded shape (as result of decreasing size of patterned island)
when compared to a spread cell morphology that was independent of the type of matrix protein
or antibody integrin used to mediate adhesion. Thus, cell shape per se appears to be the critical
determinant that switched cells between life and death and between proliferation and quiescence
[50]. The mechanism by which cells transduce changes in cell geometry into different biochemical
responses is attributed to the specialized cytoskeletal structure, or focal adhesion complex, that
forms intracellular at the site of integrin binding. This molecular bridge mechanically couples
integrins, and hence ECM, to the actin cytoskeleton. By doing so, focal adhesion evoke chemical
signals and thereby adjust downstream signaling [51, 52, 53].
Stem cell differentiation was also shown to be affected by structural cues in several reports. The
seminal study by Chan and co-workers demonstrated that different sizes of patterned fibronectin
islands influenced cell shape that in turn regulated the commitment of human mesenchymal
stem cells into a adipocytic or osteoblastic fate [54]. Additionally, there is substantial evidence
from studies on planar substrates using patterned surface chemistry and topography to suggest
that feature sizes in the sub-micron range in particular affect cell behavior. In particular, the
nanoscale nature of ECM consisting of various nanoscaled fibers and molecules has a two-fold
benefit for cells: a high specific surface area and a better structural/mechanical support. For
instance, osteoblasts cultured on carbon nanofibers showed increased adhesion, proliferation,
alkaline phosphatase activity, and ECM secretion when fiber diameter was reduced to the range
of 60–200 nm [55].
These in vivo and in vitro examples demonstrate how extrinsic factors from the surrounding
ECM regulate cell fate. Hence, a tissue engineering material substrate/scaffold need to exhibit
features that ensure cell viability and control cell behavior. Specifically, recent biomaterial re-
search has progressed towards the incorporation of nanoscale detail and anisotropic cues observed
in real tissues [4]. There has been great interest to design systems that provide chemical-physical
cues in biologically relevant manner to mimic the aligned architectures found in vivo. To bet-
ter understand the scope of this thesis, it is important to have a basic understanding of the
techniques used to generate aligned ECM structures.
2.3 Approaches to engineer aligned extracellular matrix structures
The anisotropic structural composition of ECM in many tissues fulfills important biomechanical
functions related to the overall structural integrity and mechanical property of a tissue and im-
pacts crucial cell functions. However, when cultivating cells on standard tissue culture ware they
lose their native organization and adopt random distributions that do not resemble physiologi-
9
2 Fundamentals
cal tissue architecture. Thus, different approaches were followed to create aligned biomaterials
to induce alignment of cells ranging from micro- and nanostructuring of surfaces with aligned
grooves/ridges, chemical patterning of lines or stripes, electrospinning aligned nanofibers and
the reconstitution of aligned ECM assemblies.
2.3.1 Topographically and chemically patterned surfaces
Structured 2D surfaces consisting of arrays of aligned micro- or nanostructures have been devel-
oped to examine the effect of anisotropic topographies on cell behavior. For cell culture assays
mainly basic structures like lines, grooves or ridges were designed using techniques developed
in the microelectronics industry such as electron beam or ion beam lithographies [56, 57] with
synthetic materials including polystyrene (PS) or polydimethylsiloxane (PDMS) . Another ap-
proach involved the fabrication of chemically patterned surfaces that result from the spatial
organization and immobilization of biological molecules in controllable size and position. Fre-
quently, ECM molecules are used including fibronectin, vitronectin, laminin, and collagens or
their constitutional motifs such as arginine-glycine-asparate (RGD) peptides [58]. Biologically
active (protein adsorbing, biofouling) or inactive (protein repellent, nonfouling) patterns can
be produced by altered surface chemistry, so that selectively adsorbed proteins in turn effect
cell behavior. Micropatterning techniques include photolithography, microcontact printing and
microfluidic and stencil patterning [59, 60, 58]. In various efforts to mimic the nanaoscale struc-
tural composition of ECM more closely various new nanopatterning techniques have recently
been developed and reviewed elsewhere [58].
2.3.2 Electrospun fibers
In the past few years, considerable efforts have been taken for the processing of aligned fibrous
scaffolds with structural features similar to the ECM. Micro- and nanofibrous scaffolds were pro-
duced by self-assembling processes of individual, preexisting components into an ordered struc-
ture like peptide-amphiphile (PA) nanofibers or by phase separation using e.g. Poly(L-lactic
acid) (PLLA). Although phase separation and self-assembly give rise to micro and nanfibrous
scaffolds, difficulties were encountered in controlling the fiber orientation. Thus, electrospinning
has lately gained increased attention as it allows the production of randomly and aligned ori-
ented fibers [61, 62]. In electrospinning an electrical charge is used to form fibers ranging from
micron (30 mm) to submicron (50 nm) range similar to the features of natural ECM. Mostly
synthetic polymers including the most prominent as polycaprolactone, poly lactic acid (PLA),
poly (lactic-coglutamic) acid (PLGA), or polycaprolactone (PCL) [63] can be used for electro-
spinning. Additionally, biopolymers like collagen type I have been shown to be electrospun into
nanofibers [62]. Alignment of electrospun fibers can be induced for example by a rotating plate
with a sharping edge as collector. Lately, increased attention has been drawn to the generation
of electrospun nanofibers as being specifically crucial for cell behavior and fate, resembling ECM
with its nanostructural features. Although several studies have reported the biocompatibility
and ideality of electrospun polymers as tissue scaffolds [64], major drawbacks such as low poros-
10
2 Fundamentals
ity, weak mechanical properties, and lack of biological activity to cells, limit the applications of
electrospinning nanofibers in tissue engineering.
2.3.3 Reconstitution of extracellular matrix
As discussed in the previous section scaffolds to mimic aligned in vivo structures can be read-
ily produced from mainly synthetic polymers. With man-made materials many different kind
of geometries and structures can be created allowing precise control over the final micro and
nanostructure by varying chemistry and processing technique. However, little control over cell
behavior and tissue response in vivo is provided so that recent efforts have focused on adding
biological cues to generate materials for a specific cell type and/or tissue [6]. Additionally, as al-
ready mentioned above, materials exhibiting structures on the nanoscale were found to be crucial
for cell behavior due to the larger surface areas for example to adsorb proteins presenting many
more binding sites to cell membrane receptors (e.g. integrins) [65]. Hence combining nanoscale
features with biomolecular cues into a single material is likely to prove most rewarding. This can
be achieved by building scaffolds from naturally derived biopolymers that are isolated and disso-
ciated from natural tissue. Using this principle, ECM assemblies can be built-up in the lab that
closely resemble in vivo ECM structures. Many natural biopolymers are assembled in multiple
steps from the bottom up. The most prominent examples are collagen and fibrin gels, which have
found wide applications in tissue engineering applications and regenerative medicine [66]. These
constructs have nanoscale structures and borrow their binding sites from the ECM biopolymers
providing innate informational guidance. Collagen type I is the most studied in vitro assembled
ECM component owing to its abundance in all kinds of tissues and for the relatively easy access
and reconstitution. In vitro fibrillogenesis of collagen type I is a straightforward example of
entropy-driven protein self-assembly/polymerization [16]. In early experiments collagen type I
was demonstrated to be easily extracted from tissues in dilute acidic solutions or high-salt buffers
by enzymatic fragmentation and reconstituted into fibrils by neutralizing and/or warming the
solution to 37°C [67]. The spontaneous self-assembly of monomeric collagen was referred to the
entropy gain upon binding of collagen molecules. Hydrophobic interactions between collagen
monomers were implied to be the major force for fibrillogenesis. Further, water clusters bridging
recognition sites on opposing helices have been identified as the driving force for fibril forma-
tion [68][69]. The precipitated fibrils resemble those found in tissues both morphologically and
functionally exhibiting the characteristic 67nm banding pattern. However, when collagen type
I is reconstituted in vitro it does not assemble into ordered arrays as seen in connective tissue
but rather arrange in a loose non-oriented network of fibrils. Therefore, engineering efforts have
focused on generating aligned collagen matrices (summarized in Table 2.1). Different approaches
were followed including inclining a surface during collagen polymerization (drainage technique)
[70], the use of a strong magnetic field [71], electrical gradients [72], a combination of fluid flow
and magnetic fields [73], or the flow through a microfluidic channel [74].
However, the production of aligned collagen matrices still requires complex technical equipment
or lacks broad application to cell biology due to the limited size of the area covered or the rather
artificial characteristics of ‘‘non-native’’ matrices. Importantly, none of the above-mentioned
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techniques enables collagen fibril alignment, density and morphology to be varied to adopt the
very versatile structures found in tissues.
Table 2.1: Methods to align collagen type I matrices
Resultant matrices Alignment method Reference
Aligned collagen gel Drainage [70]
Aligned collagen gel Electrical gradients [72]
Aligned collagen gel External magnets [71, 75]
Aligned collagen gel with
magnetic beads
Magnetic beads and
external magnets
[73]
Flat microribbons Hydrodynamic flow and
mica surface
[76, 77]
Aligned collagen gel Microfluidic channel
(<10µm width)
[74]
2.3.4 Guidance conduits
Physical guidance is a vital component for nervous tissue regeneration. Repair of nerve injury
requires tubular guidance structures that reconnect nerves to the distal targets. Therefore, in
recent years, so called guidance tubes or conduits have been developed to serve as bridging
materials for defects in the peripheral or central nervous system. These guidance channels have
been predominately produced as hollow tubes mainly from synthetic materials. When these
constructs were implanted, the body generated an oriented fibrin matrix to support axonal
regeneration [21]. Thus, in order to mimic the natural repair in the body, in recent studies
longitudinally aligned fibers or channels have been inserted in the nerve conduits. By doing so,
the conduits enhanced nerve regeneration and enabled shorter regeneration times. For instance,
the integration of polyamide filaments or polylactic acid into nerve guidance conduits improved
nerve regeneration[21]. The diameters of these filaments were in most cases in the micrometer
range. However, only recently, the importance of nanofibers for nerve regeneration has been
demonstrated. For example, under differentiation condition rat neural stem cells showed a 40%
increase in oligodendrocyte differentiation on 283-nm electrospun fibers and 20% increase in
neuronal differentiation on 749-nm fibers, in comparison to tissue culture polystyrene surface
[78]. Thus, current and future research focuses on guidance cues on the nanoscale. Since
nerve guidance conduits are mainly produced from synthetic materials recent studies aimed at
incorporating biochemical cues. Specifically, since trophic support is required to enable entire
nerve regeneration specifically over larger distances [79]. Biochemical cues can be realized by
the incorporation of growth/neurotrophic factors, cells, and ECM molecules such as collagen,
laminin, and fibronectin. Various advanced approaches came up in the last years to create
complex guidance channels and to combine multiple stimuli into a single therapy. For example,
extruded or spun fibers of collagen have been placed within the lumen of conduits. Matsumoto
et al. [80] showed that poly(glycolic acid)-collagen conduits filled with collagen fibers permitted
regeneration over 80mm defect lengths in dogs. This study suggested that the internal collagen
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fibers indeed enhanced axonal elongation.
2.4 Cellular response to aligned structural cues
2.4.1 Cellular response in general
Besides the tissue scaffold, the appropriate use of specific cells and the control of cell-matrix in-
teractions is crucial for the success of tissue engineering. As already discussed in section 2.2, cell
proliferation, function, migration, and death are dictated by cell-matrix interactions. Cells inter-
act with their environment through receptors present on their surfaces. For anchorage-dependent
cells, the degree of attachment determines and influences the function and the proliferation of
the cells. For a cell to attach on a surface, several proteins, receptors and ligands interact to-
gether in a complex manner. The signal transduction from the cell exterior to the cytoplasm is
mediated by receptors, which are linked to the extracellular matrix of the cells. Thus, a clear
understanding and control of cell-surface interactions is an essential means to induce the func-
tioning of a cell and crucial for the success of tissue engineering applications and regenerative
therapies.
In the body cells are frequently oriented in aligned arrays of collagen fibrils imparting mechanical
strength and structural integrity to the tissue. In addition to its function as structural support
aligned collagen structures are believed to increase the efficiency of the cell interactions and
impact cell behavior. Thus, extensive studies have been conducted to investigate the influence
of aligned topographical features on cellular behaviors and activities [81]. Aligned topograph-
ical cues were shown to alter cell morphology from randomly oriented cell shapes towards an
anisotropic morphology [81]. Contact guidance was observed on various substrates containing
ridges, grooves, chemical patterns of ECM molecules and growth factors and aligned collagen
gels with cell types including endothelial cells, fibroblast, neural cells [82, 83]. Cell behavior
and functionality was also shown to be effectively influenced by aligned topographical cues.
The alignment of electrospun nanofibers increased proliferation of rabbit conjunctiva fibroblasts
[84] and promoted endothelialization using human coronary artery endothelial cells [85]. In vitro
and in vivo studies using human monocytes showed that aligned electrospun scaffolds minimized
host response, enhanced tissue-scaffold integration, and elicited a thinner fibrous capsule after
implantation when compared to a randomly oriented scaffold [86].
These examples highlight how aligned structural cues influence the behavior and function of
already differentiated and committed cell types. However, oriented features can also have crucial
impact on stem cell differentiation. Besides specialized cells that are an important source for
tissue engineering, the use of stem/progenitor cells are of particular interest in the advent of
tissue engineering and regenerative medicine owing to their enormous potential in producing
a variety of cells and tissues with diverse functions [87]. It was discovered that bone marrow
harbors two populations of stem cells: hematopoietic stem cells, which are responsible for the
formation of blood cells [88] and mesenchymal stem cells (MSCs) [89], which are responsible for
the formation of bone cells, for example. In 1992, Reynolds and Weiss were the first to isolate
neural stem cells (NSCs) that are capable to generate the main phenotypes of the nervous system.
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The following chapter gives an overview of the current knowledge of mesenchymal and neural
stem cells and their response to aligned topographical cues.
2.4.2 Mesenchymal stem and progenitor cells
The definition of an MSC still presents a challenge since neither MSCs’ origin is clearly proved
nor are specific phenotype markers established to identify MSCs from the heterogeneous bone
marrow-derived population [90]. Therefore various synonyms can be found in literature including
bone marrow stromal (stem) cells, bone marrow progenitor cells, multipotent adult progenitor
cells, bone marrow stromal fibroblasts, bone marrow mesenchymal progenitor cells and many
more [91]. For the purpose of this thesis those cells will be nominated as mesenchymal stem cells
(MSCs). MSCs differentiate into a variety of connective tissue lineages, including bone, carti-
lage and adipose [92](Figure 2.4), making them promising candidates for regenerative medicine.
Already in the late 1960s Friedenstein et al. [89] described an adherent, fibroblast-like cell pop-
ulation which have the ability to regenerate the essentials of normal bone as colony-forming
unit-fibroblasts (CFUs) . The term mesenchymal stem cell (MSC) was coined by Caplan in
1991 [93] to describe bone-marrow-derived stromal cells. It is well documented that MSCs are
capable of differentiating into bone [94], cartilage [95], muscle [96], marrow stroma [97], tendon
and ligament [98], fat [99], and a variety of other connective tissues [100]. Bioactive factors lo-
calized in the cell micro-environment or added to the culture environment of in vitro cultivated
cells initiate and control the differentiation of MSCs involving multi-step lineages. Since mul-
tipotent MSCs can be easily harvested from the donor site MSC transplantation is considered
as a promising approach to improve several tissue functions of mesenchymal origin. In vari-
ous tissue engineering applications MSCs have been utilized in order to support specific tissue
organization and function including cartilage, myocardium, liver, nerve, spinal cord and derma
[101, 102, 103, 104, 105]. However, the differentiation of human MSCs along the myogenic lineage
has previously been controversial. While it was reported that murine MSCs were successfully
differentiated into skeletal myoblasts and cardiomyocytes [106, 107], conflicting results have been
published with respect to MSCs from other species including human [108, 109]. Alternatively,
mouse-derived C2C12 myoblasts can serve as an experimentally tractable model system for in-
vestigating the molecular basis of skeletal muscle cell specification and development. C2C12 cells
were originally obtained by Yaffe and Saxel (1977) through selective serial passage of myoblasts
cultured from the thigh muscle of C3H mice 70 h after a crush injury. These cells were shown
to be capable of differentiation so that they are a useful model to study the differentiation of
non-muscle cells to skeletal muscle cells.
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Figure 2.4: Differentiation of bone-marrow derived mesenchymal stem cells. Adapted from ref.
[110]
It has been shown that structural cues can have crucial impact on stem cell differentation [111].
Since many mesenchyme-derived tissues contain anisotropic collagenous architectures including
bone, muscle or cartilage, it has been proposed that aligned ECM structures in particular could
guide and support the differentiation of resident mesenchymal stem and progenitor cells. In this
context, MSCs are specifically interesting since they are adherent cells that show robust differ-
entiation into fat, cartilage and bone. MSCs contribute to highly organized tissue architectures
(e.g. bone, cartilage) so that aligned ECM may be critically important for their differentiation.
One of the major challenges associated with the use of MSCs is to provide appropriate cellular
environment cues that regulate cell growth and subsequent tissue formation. Once MSCs are
isolated from their natural environment, they start to lose their phenotype and differentiated
functions [112]. Thus, it is a special challenge to maintain cell phenotypic expression and differ-
entiated function while supporting proliferation under laboratory conditions. It was shown in
several studies that changes in cell shape themselves can alter the differentiation of precommit-
ted mesenchymal lineages [113, 114, 115]. Cell spreading for instance has been demonstrated
to increase osteoblast differentiation in preosteoblastic progenitors [114, 115]. However, little
is known about whether cell shape affects earlier development stages such as the commitment
of MSCs. In this context, MSC differentiation behavior has been the objective of extensive
research efforts. Many studies have addressed the effect of cellular environment cues to support
and maintain MSC differentiation and the influence of topographical cues on MSC fate. Recent
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findings are summarized in Table 2.2. These studies demonstrate that cell shape which is in-
fluenced by topography drives stem cell commitment specifically when substrates have features
on the nanoscale. Additionally, aligned features seem to influence chondrogenic and neuronal
differentiation of human MSCs.
Table 2.2: Effect of topographical cues on MSCs
Topographical features Observed effect Reference
Chemically patterned islands
(1024µm2or 10000µm2)
Size of pattern induces either adipogenic
or osteogenic differentiation
[54]
Ordered nanopitches (120nm) Induction of osteogenic differentiation [116]
Nanotubular-shaped titanium oxide
surface structures (30-100nm)
Induction of osteogenic differentiation [117]
Aligned electrospun nanofibers
(500nm)
Enhanced chondrogenic differentiation [118]
Aligned nanopatterns (350nm
width)
Induction of differentiation into neuronal
lineage
[119]
2.4.3 Neural stem and progenitor cells
Neural stem cells (NSCs) can be defined as cells that are capable to generate neural tissue, possess
the ability for self-renewal, and can differentiate into all major cell types of nervous tissue such
as neurons and glia cells [120]. NSCs can be derived from the fetal or adult brain for example the
subventricular zone or the hippocampus or a larger variety of structures in the developing brain
and proliferated in culture. Alternatively, embryonic stem cells can be extracted, proliferated and
differentiated into neural precursor cells (Figure 2.5). Early reports demonstrated the dissection
of stem-like cells from embryonic mammalian central nervous system (CNS) [121, 122] and the
peripheral nervous system (PNS) [123]. Subsequently many regions of the embryonic CNS could
be identified to yield stem cells and studies also reported the isolation of NSCs from adult brain
[124, 125]. Additionally, NSCs have been found in some non-neurogenic regions including the
spinal cord [120]. Some of these findings however are still discussed controversially in literature
[126, 127].
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Figure 2.5: Neural stem cell - origin and differentiation. Adapted from ref. [128]
Usually, NSCs are isolated in vitro by disaggregating the brain tissue and exposing the dissoci-
ated cells to mitogens such as FGF-2 or epidermal growth factor (EGF) in medium on a planar
surface as binding substrate. During expansion brain-derived neural stem cells usually grow as
floating aggregates called “neurospheres”. After some proliferation, differentiation is induced by
withdrawing the mitogens or by exposing the cells to another factor that initiates differentiation
into a distinct lineage. Subsequently, cellular fate is determined by staining with antibodies
directed against antigens specific for neurons (TUJ1), astrocytes (glial fibrillary acid protein -
(GFAP), and oligodendrocytes (GalC) [120].
Recovery of diseased nervous tissue has become a major goal for regenerative therapeutic ap-
proaches. Neuronal repair is, however, severely hampered by inappropriate neurite outgrowth
and synaptic integration of regenerating or grafted neurons [21]. Since autologous nerve grafts
are insufficient regarding nerve cell regeneration and result in loss of sensory function there is
an urgent need to develop bioartificial materials that improve nerve regeneration and function.
Materials containing aligned guidance structures have been introduced to replace the need for
nerve autografts and profoundly affect the guidance, neurite length and differentiation of neural
cells (recent findings summarized in Table 2.4). In this context, ECM components are of great
importance mainly collagen, laminin, and fibronectin as well as matrix-bound trophic factors.
This holds true, considering the improved nerve regeneration as result of recent efforts to func-
tionalize synthetic materials with ECM components (see Table 2.4). Collagen type I is of special
interest since it has been shown to favor neuronal rather than glial growth [21]. In peripheral
nerves, the endoneurium surrounding the axons with Schwann cell sheets is predominately com-
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posed of orientated collagen fibers. Thus, the nanoscale spatial organization of collagen fibrils as
major constituents of ECM is believed to be crucial for neurite guidance in neural development
and repair. Moreover, it is now clear from a growing body of evidence that neurite growth
strongly depends on substrate topography, including dimension and density of guidance cues
[129].
Table 2.4: Effect of aligned topographies on neural progenitor cells and neurons.
Cell type Topographical
features
Observed effect References
Rat hippocampal
progenitor cell
Aligned micropatterns
PS coated with laminin
in coculture with
astrocytes
Enhanced neuronal
differentiation
[65]
Rat Schwann cells Aligned fibronectin
fibers
Enhanced cell
migration
[130]
Rat dorsal root ganglia Aligned astrocyte
monolayers
Increased neurite
length
[131]
Chick dorsal root
ganglia /mice sciatic
nerve
Aligned collagen gel Increased nerve
regeneration
[132, 133]
Rat dorsal root ganglia Aligned nanofibers
(poly-L-lactate);
aligned microgrooves
coated with laminin
Increased neurite
length
[134];[135]
Chick sympathetic
ganglia
Aligned micropatterns Increased neurite
length
[136]
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3 Objectives
Aligned ECM biopolymer assemblies offer valuable options for advanced cell culture technology
and tissue engineering. Specifically, a material system which provides multiple extracellular
components to study cell-matrix interactions also in a 3D environment is of great interest. Thus,
in an effort to develop a method to create aligned collagen type I matrices for tissue engineering,
the following key questions need to be addressed within this thesis:
 Is it possible to deposit and align collagen fibrils from streaming collagen solutions onto
planar substrates? How do process-relevant parameters such as flow rate, substrate pre-
coatings, collagen concentration and gelation time influence structural characteristics of
the resultant matrices? (Chapter 4.1, Appendix A).
 Does the glycosaminoglycan heparin bind to the reconstituted aligned collagen matrices?
(Chapter 4.1.2, Appendix B).
 Is there an impact of aligned collagen fibrils on orientation and functionality of stem cells
being relevant in tissue engineering such as neural and mesenchymal stem and progenitor
cells ? How do aligned structural topographies influence cell differentiation ? (Chapter
4.2, 4.3, Appendix B).
 Is it possible to coat cellulose hollow fiber membranes with aligned collagen matrices
obtained by shear flow deposition? Is this model suitable to study spinal cord derived
neurospheres? (Chapter 4.4, Appendix D).
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4.1 Aligned collagen matrices obtained by shear flow deposition
This section refers to the following publication (see Appendix A):
Lanfer B., Freudenberg U., Zimmermann R., Stamov D., Körber V., Werner C. Aligned fibrillar
collagen matrices obtained by shear flow deposition. Biomaterials 29 (2008) 3888–3895.
In the frame of this work a novel method to orient collagen type I fibrils has been developed to
mimic aligned collagen type I fibrils found in vivo (Appendix A). As discussed in section 2.3.3,
several approaches have aimed to reconstitute aligned collagen scaffolds. However, individual
drawbacks have hampered their broad application to cell biology. For instance, shear flow has
been used as tool to align collagen molecules/fibrils, however the channel width limited the
aligned areas to a maximum of 100µm. Importantly, none of these methods allowed the gen-
eration of aligned matrices containing collagen fibrils of varying length and density. The novel
method developed within this thesis involves a mircrofluidic setup that allows both orientation
and collagen fibril morphology to be controlled. Collagen fibrils can be aligned and deposited
on a planar substrate by streaming a collagen solution through a microfluidic channel. In order
to vary the characteristics of the collagen matrices, this new setup allows to change and con-
trol the hydrodynamic flow (shear rate), the applied collagen solution, and the precoating of
the substrate (hydrophobicity, reactivity, charging). Collagen solution concentrations correlate
well with fibril orientation, length and density of the matrices. Higher collagen concentrations
resulted in greater density of matrices, longer fibrils and higher orientation. Hence, morphology
and density of the collagen matrices mirrors the different states of collagen fibril formation as a
concentration-dependent process. On the other side the new method enabled the generation of
collagen matrices with long and highly aligned fibrils at low density. Here, collagen solutions con-
taining individual long collagen fibrils were used. Thus, the collagen solution concentration can
be used as parameter to adjust length, density and orientation of collagen fibrils. Further, the
hydrophobicity of the substrates affected the density of the resultant matrices. Surface-modified
substrates spin-coated with thin films of copolymers of poly(octadecene alt maleic anhydride)
(POMA) and poly(ethylene alt maleic anhydride) (PEMA) [137] influenced the density of the
resultant matrices. The hydrophobic POMA surface gave rise to the highest surface coverage.
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The higher coverage of collagen on POMA-coated substrates may be explained by the capability
of the long alkyl chains of POMA to mediate hydrophobic interactions between collagen and
the substrate surface. The hydrophilic gel-like structure of PEMA [137] and the smooth and
unswollen glass surface apparently do not favor adsorption of the hydrophobic collagen. Addi-
tionally, increased shear rates resulted in better orientation of collagen fibrils whereas the fibril
density was slightly reduced. Taken together, this method allows both density and collagen fibril
orientation to be controlled by varying the applied solution, hydrodynamic flow (shear rate) and
pre-coating of the substrate (hydrophobicity, reactivity, charging).
4.1.1 Alignment mechanism
Although shear flow has been used as tool to align collagen molecules/fibrils [74], little is known
about the dynamics of collagen self-assembly and fibrils under the influence of shear stress. In
order to get an insight into the underlying mechanism of fibril alignment the behavior of a rod-
like particle in a shear flow was considered and compared to the results obtained. Our results
revealed that an increase of fibril length in response to increasing collagen solution concentra-
tion is related to an increase in fibril alignment. Alignment was further increased when collagen
solution containing already developed collagen fibrils was deposited on the substrate. The resul-
tant matrices consisted of long, highly aligned, and individual collagen fibrils. Additionally, it
was shown for this system that lowering the flow rate decreases fibril alignment. These results
indicate that the alignment of collagen fibrils strongly depends on collagen fibril length and
applied flow rate, which might point at the underlying mechanism of a ’mechanical alignment’.
“Prealignment” phenomena related to liquid crystal ordering in collagen in vitro systems have
been reported in literature. Nematic, precholesteric and cholesteric phases are observed with
highly concentrated collagen solutions (5 mg/ml-40 mg/ml) [138, 139]. However, due to the
comparatively high concentrations necessary for liquid crystal formation and the low concen-
trations (typically between 0.2 mg/ml and 5 mg/ml) of collagen solutions [140, 141] commonly
required for fibrillogenesis, these phenomena are not considered to occur in our experiments.
Additionally, viscosity only slightly influences fibril alignment since the matrices which showed
the highest degrees of alignment were generated with solutions of low viscosity. Thus, prealign-
ment effects in the form of liquid crystal formation prior to fibril formation, and viscosity appear
to play a minor role in this system. This implies, that the formation of longer fibrils (besides
the flow rate) rather critically determines alignment. The orientation of a rodlike particle can
be described by a spherical coordinate system (Figure 4.1). In a simple shear flow, ellipsoidal
particles align most of the time in the direction of flow, however their orientation can change by
180° in a “tumbling” motion. This effect was first described by Jefferey [45], who calculated the
motion of a single ellipsoid in a shear flow independent of fluid and particle inertia. Motion of
an ellipsoid in an unbounded simple shear flow is given by the following equations.
tan θ =
Cre(
r2e cos2 φ+ sin
2 φ
) 1
2
(4.1)
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Figure 4.1: Spherical coordinate system
tanφ = re tan
(
2πt
T
+ κ
)
(4.2)
Angles φ and θ describe the fiber orientation with respect to the flow direction (see Figure 2),
re is the effective aspect ratio of the particle (length/diameter), C is the orbit constant, and κ
is the initial value of φ. The spheroid will rotate with a period
T =
2π
γ
(
re + r−1e
)
(4.3)
where γ is the shear rate in the y-direction. The particle is aligned with the vorticity axis for
C = 0 and located in the xy-plane for C approaching infinity. The motion of a fiber near a wall
(at distances smaller than a half fiber length) has been reported to result in smaller angular
velocities of the particles and larger periods between fiber rotation [142, 143, 144, 145], however
Moses et al. [146] claim shorter periods of rotation. In regions closer to the wall (less than half
a fiber length), fibers follow a “pole vaulting” motion or a “springy rotation” during which the
mass center of the fiber moves away from the wall [144, 147]. As fiber flexibility increases, the
rotation changes towards snake and helix rotation and coil formation [147]. Fibers perform a
“rolling-sliding motion” perpendicular to the flow direction as described by Holm et al. [148].
With increasing aspect ratio and distance to the wall, the number of perpendicularly oriented
fibers decreases. Near the wall, fibers with a particle aspect ratio (length/diameter of particle)
of rp = 40 stayed aligned with the flow direction whereas those of rp = 10 moved towards an
orientation perpendicular to the flow direction [149]. Fibers in a shear flow perform a periodically
tumbling motion. This motion was observed in a low Reynolds number regime for pulp fibers that
reveal rigidities in the same range as collagen fibrils (pulp fibers: 5.4 GPa [150], collagen fibers:
5.5 GPa [151]. Thus, in our system, it is likely that the collagen fibrils interact with the wall
during the tumbling motion. If one end of the fibril attaches to the surface, the remaining part
can be aligned by the streaming fluid in a position of low hydrodynamic resistance, i.e. parallel
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to the flow direction. However, due to additional interaction of the fibril with the surface, not
all fibrils align parallel to the flow. The greater alignment of longer fibrils is consistent with
the results of Holm et al. [148]: the number of fibers aligning in flow direction in the near wall
region is higher for higher aspect ratios [152]. Since aspect ratios of the fibrils in our system are
comparable to those of [152], inertia effects may additionally contribute to the increase of fibril
alignment with increasing length. Thus, it can be concluded that fibril alignment is dependent
on (i) the flow rate (which influences the shear stress/force in the system (tubing and channel)),
(ii) the length of the fibrils, and to a lesser degree (iii) the viscosity of the solution (which also
influences shear force, but in a much lower order than flow rate).
4.1.2 Functionalization with heparin
This section refers to parts of the following publication (see Appendix B):
Lanfer B., Seib F.P., Freudenberg U., Stamov D., Bley T., Bornhäuser M., Werner, C. The
growth and differentiation of mesenchymal stem and progenitor cells cultured on aligned collagen
matrices. Biomaterials 30 (2009) 5950–5958.
It was the aim of this study to develop cell culture substrates/scaffolds that mimic extracellular
matrix structures, specifically the anisotropic morphology found in vivo. Collagen type I was the
material of choice due to its abundance, its importance for maintaining tissue integrity and its
ability to interact with nearly 50 different molecules including almost all natural proteoglycans
[153]. However, single component systems do not fully mirror the functional and structural
complexity of the natural microenvironment. Besides providing adhesion sites and structural
and mechanical stability the ECM allows the presentation of matrix-bound growth factors which
in turn trigger important cellular functions. The functionality of collagen fibrils in terms of
coupling, release and presence of growth factors is known to be affected by proteoglycans [154].
GAGs like heparin are responsible for the attachment of a variety of growth factors and proteins.
Hence, in an effort to (a) demonstrate the visibility of the applied methodology to study multiple
ECM components in a single system, (b) mimic the broad variety of ECM structures found in
vivo more closely, and (c) study the impact of multiple biochemical cues in the set-up, the
aligned collagen matrices were refined by incorporating the GAG heparin (Appendix B). The
aligned collagen matrices were first reconstituted, then a heparin/PBS solution was subsequently
streamed across. As a result, heparin co-localized with the corresponding fibrillar matrices,
indicating that this 1-step functionalization process decorated most of the collagen fibrils with
heparin. Heparin immobilization was shown to be stable for 3 days when incubated with culture
medium. As already discussed in the previous sections many studies have recently addressed
the additional incorporation of biochemical cues into systems with topographical features. For
example synthetic materials exhibiting aligned topographical features have been coated with
relevant ECM components to enhance certain cellular functions and differentiation [65]. In
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comparison, our setup enables the study of two naturally derived ECM components that mimic
the structural and functional complexity of natural ECM more closely. The functionalization of
heparin is especially relevant for future applications as it allows the binding of certain growth
factors that are specific to the target cell type or tissue engineering application. Thus, the rapid
functionalization with heparin enables the study of multiple biochemical and physical cues in a
single set-up and provides a versatile cell culture platform that can be tailored as needed.
4.2 Mesenchymal stem and progenitor cells cultured on aligned
collagen matrices
This section refers to the following publication:
Lanfer B., Seib F.P., Freudenberg U., Stamov D., Bley T., Bornhäuser M., Werner, C. The
growth and differentiation of mesenchymal stem and progenitor cells cultured on aligned collagen
matrices. Biomaterials 30 (2009) 5950–5958.
The influence of aligned structural cues on cell morphology and proliferation has been demon-
strated in a number of studies. However, little is known about stem cell behavior. Although
the pioneering work of Mc Beath et al. has demonstrated the effect of topographically pat-
terned islands of different sizes on MSC fate, the impact of aligned topographies remains rather
unclear. Therefore, human MSCs were cultured on aligned collagen and collagen/heparin ma-
trices and differentiated along the adipogenic, osteogenic and chondrogenic lineages (Appendix
B). In order to study the ability of aligned collagen structures to both guide and support mor-
phogenesis of skeletal muscle tissue, C2C12 myoblasts were used as a model system. MSCs
reacted to the physical signals from the substrates as their cell morphology altered to resemble
the anisotropic topographies of the aligned ECM structures. Additionally, the aligned matrices
supported mulitlineage differentiation of MSCs.
Most noticeable was that mineralization was highly organized and orchestrated by the underly-
ing ECM, which served as a nucleation network. This was clearly demonstrated by aligned ECM
structures that resulted in aligned mineralized nodules, indicating that cell-matrix interactions
are precisely controlled by the topographical features of the ECM substrate. Considering the
hierarchical structure of bone, i.e. ordered mineralization and oriented collagen type I fibrils,
directed mineralization is an important prerequisite for mimicking in vivo bone formation. Thus,
our results are important for bone tissue engineering and emphasize that cells reciprocally inter-
act with surrounding ECM by adapting cell behavior and function to changes in ECM structure
and topography. Interestingly, the extent of osteogenic differentiation was not significantly af-
fected by aligned and functionalized (with heparin) substrates. In addition, cells showed similar
differentiation behavior either in the presence or absence of collagen. This was surprising, since
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several studies demonstrated accelerated mineralization by collagen type I [155]. However, it is
possible that a critical collagen concentration is necessary to achieve this effect.
Adipogenic differentiation was well supported by the aligned matrices and MSCs developed
into mature adipocytes. Although there are indications in literature that heparin enhances
adipogenesis [156], no such effect was observed in the present study. It is still open to debate
whether the presence of collagen causes this discrepancy.
A monolayer culture of MSCs in chondrogenic differentiation medium was carried out to examine
the ability of the substrates to support chondrogenesis. A recent study by Wise et al. [118]
reported the stimulating effect of aligned electrospun nanofibers on chondrogenic differentiation.
In our study the cells increased sulfated GAG (sGAG) content when cultured in chondrogenic
differentiation medium on aligned substrates, however there were no significant differences when
compared to non-aligned matrices. This general increase in sGAG content might be due to
increasing proteoglycan synthesis, a marker of early chondrogenesis. However, considering that
the standard in vitro pellet culture for chondrogenic differentiation of MSCs was not feasible
in the present system due to technical limitations, and cellular condensation is a prerequisite
for chondrogenesis, a monolayer culture has its obvious limitations. This might also explain the
contrary results obtained by Wise et al..
C2C12 cells were used to investigate the influence of topographical features on myoblast differen-
tiation and myotube fusion. Aligned collagen matrices gave rise to aligned and highly organized
myotubes, choreographed by the underlying fibrillar structures. It appeared that longer my-
otubes formed on aligned matrices than on randomly aligned ones although it was not possible
to quantify the length of the myotubes due to technical limitations. Extending the width of
aligned matrices to enable measurement of whole myotube length will certainly allow the quan-
tification in future experiments. Our results have been in line with recent studies showing that
C2C12 myoblasts align into parallel arrays that fuse to form oriented and longer myotubes in
response to aligned topographies [157, 158].
4.3 Human neural stem cells cultured on aligned collagen matrices
This section refers to the following publication (see Appendix C):
Lanfer B., Hermann A., Kirsch M., Freudenberg U., Reuner U., Werner, C and Storch A.
Directed Growth of Adult Human White Matter Stem Cell-derived Neurons on Aligned Fibrillar
Collagen. Accepted for publication in Tissue Engineering Part A.
In the field of neural tissue engineering several studies have investigated axonal outgrowth and
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differentiation of neural stem cells on aligned scaffolds (see table 2.4). However, mainly synthetic
materials have been studied so that the effect of aligned collagen matrices on NSCs remains to be
investigated. Therefore, human neural stem cells [159] were cultured on aligned collagen matrices
with varying structural characteristics (Appendix C). We chose an human adult model system
for two reasons: (a) the high developmental potential of fetal or embryonic stem cell-derived
neurons could potentially skew observed effects and (b) a human model system is closest to a
clinical application since animal models often do not accurately represent the human situation.
With regard to the design of a 3D nerve conduit, the ideal case would be the use of adult human
dorsal root ganglia and/or spinal cord neurons. However, these cells cannot be isolated for in
vitro use after being fully differentiated. Therefore, NSCs derived from white matter were used,
currently being the exclusive source of NSCs besides the hippocampus.
We demonstrated for the first time that neurite outgrowth of adult human nerve cells, derived
from white-matter neural stem cells, can be choreographed by aligned collagen matrices. Neu-
rites on aligned collagen were highly oriented in the direction of the underlying fibrils, while
neurites on non-aligned collagen or control surfaces did not exhibit a preferred direction, form-
ing instead a web-like morphology. Thus, the aligned matrices served as guidance cues to direct
neurite outgrowth. This was especially apparent for matrices containing long fibrils at high den-
sity. Although the best alignment of collagen fibers in our study was seen using long fibrils at
low density, the best neurite orientation was achieved on long fibrils at high density. It appeared
that the exact interplay of collagen fibril alignment, density and length critically determined
the extent of neurite alignment. Thus, aligned collagen matrices of varying structural properties
allowed us to gain new insights with regard to NSC axon sprouting and neurite path finding.
Another important finding of this study was enhanced neurite outgrowth on aligned collagen
compared to non-aligned collagen. Moreover, the mean neurite length on non-aligned collagen
was still higher than on control substrates. Fibril alignment, however, did not seem to influence
differentiation behavior in our system. Obviously, the synergistic effect of physical cues (aligned
fibrils) and biochemical signals (collagen) is crucial for optimal neurite outgrowth. These results
are consistent with recently published studies [135, 134] and confirm the importance of biochemi-
cal cues to be incorporated in artificial guidance scaffolds. Additionally, it has been reported that
neuronal differentiation of adult rat hippocampal progenitor cells co-cultured with astrocytes is
enhanced on aligned polystyrene microgrooves compared to substrates without a pattern [65].
However, their differentiation is not affected when cultured on aligned or non-aligned substrates
without astrocytes. Thus, it is likely that the absence of astrocytes as supporting feeder layer is
responsible for the differentiation behavior in our system.
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4.4 Cellulose hollow fiber membranes coated with aligned collagen
for spinal cord regeneration
The following section refers to Appendix D.
The previous examples have shown that the established methodology is well suited to examine
the impact of aligned ECM features on human stem/progenitor cells. However, to translate
these studies into in vivo models there is the need to construct scaffolds that mimic the 3D
cellular microenvironment. In particular, engineering of nervous tissue and nerve regeneration
requires guidance scaffolds or materials that ideally have tubular/cylindrical geometries. Thus,
the last part of this thesis aimed at developing a protocol to coat the interior side of cellulose
hollow fiber membranes with longitudinally aligned collagen matrices.
Within this study we could show that streaming of a collagen solution through cellulose hollow
fiber membranes results in longitudinally aligned collagen matrices inside the tubes. The collagen
matrices deposited in the hollow fiber membranes closely resemble those characterized on planar
substrates regarding fibril length and density. Thus, it can be expected that the variation
of process-relevant parameters such as collagen solution concentration results in changes of
matrices’ morphology such as fibril length and density. This would enable the fabrication of
matrices with specific characteristics tunable to the cell type of interest. In order to go beyond
a single component system we additionally functionalized the matrices with heparin. This is
especially interesting for further experiments in which heparin can mediate growth factor binding
and release.
In some cases, however, rather non-aligned fibril coils or the absence of collagen reduced the
quality of the deposited matrices. Therefore, we chemically modified the cellulose surface in
an effort to improve collagen binding. The quality of the resultant matrices in terms of consis-
tency and fibrils alignment varied remarkably ranging from non-coated hollow fiber membranes
to well-deposited matrices. Thus, it is not yet clear whether the technical setup, the modifica-
tion process or the collagen solution as such is responsible for this variation of reproducibility.
Further experiments are necessary to optimize the technical setup in order to rule out possible
artefacts during the streaming process. Our first cell culture experiments showed that hollow
fiber membranes coated with aligned collagen well supported viability and adherence of spinal
cord-derived neurospheres. In further experiments the influence of aligned collagen yet needs to
be elucidated. In addition, it would be of great interest to study human white matter NSCs in
cellulose hollow fiber membranes in a further step towards clinical application.
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The aim of this thesis was the development of a method to produce aligned collagen matrices. In
vitro systems that mimic the aligned physiological architecture are necessary to understand the
role of spatial cues in regulating cell and tissue functions and to engineer tissue for therapeutic
applications. Towards this goal, a bottom-up approach from nanoscale fibrillar collagen to the
assembly of cell and tissue structure was followed. This approach comprised four complimentary
studies to address the following complementary issues: (i) the development of a method to align
collagen type I matrices and the functionalization with heparin, (ii) the investigation of MSC
growth and differentiation on aligned collagen matrices, (iii) the investigation of NSC growth
and differentiation on aligned collagen matrices, and (iv) the incorporation of aligned collagen
matrices in 3D guidance channels to be used for tissue regeneration.
The first task was accomplished within a first study (Appendix A) in which a new method to
align collagen type I matrices was successfully established. Using an easy to handle microfluidic
system, collagen type I matrices were created resembling those found in natural ECM. In order to
mimc the versatile structures found in ECM, the new method allows the variation of alignment,
density and morphology of the collagen matrices. This can be achieved by adjustment of the
process-relevant parameters like flow rate, substrate and solution concentration. Besides vary-
ing physical characteristics of the matrices, additional biochemical cues were incorporated by
decorating the reconstituted collagen scaffold with heparin. Thus, the versatility of this method
enables quick and easy preparation of fine-tuned collagen matrices and the study of multiple
cues in one system. The biochemical and physical characteristics can be controlled by varying
morphology, density and alignment of the matrices and by the functionalization with heparin.
In particular, these well-defined matrices provide an opportunity to characterize and control cell
adhesion, orientation and migration.
Based on task 1, the second and third task was accomplished by studying cell-matrix interactions
and cellular response to the aligned ECM structures produced by shear flow deposition. In the
second study (Appendix B) the effects of aligned collagen/heparin matrices on the growth and
differentiation of MSCs was investigated. It was found that aligned ECM structures dictate cell
orientation and directly impact differentiation outcome. The aligned ECM matrices supported
and maintained differentiation of MSCs along the osteogenic, adipogenic and chondrogenic lin-
eage. Aligned collagen culture substrates were found to orchestrate and direct ordered matrix
mineralization during osteogenesis of human MSCs. Furthermore, myotube assembly of C2C12s
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was profoundly influenced by topographic features and aligned collagen could enhance myotube
organization and length.
In the third study (Appendix C), the growth and differentiation of NSCs cultured on aligned
collagen were analyzed. The results demonstrated that aligned collagen matrices served as
guidance cues to direct neurite outgrowth of human NSCs along aligned collagen fibrils without
affecting cell fate decisions or survival. By mimicking the size and fashion of endoneurium
collagen alignment, the optimal orientation, density and length of collagen fibrils was effective
in guiding and promoting human NSC-derived neuronal extensions. The exact interplay of
collagen fibril alignment, density and length was found to be crucial, thus proving the importance
of the developed shear flow deposition method to produce aligned collagen matrices of varying
structural properties. Furthermore, the alignment of collagen fibrils enhanced neurite outgrowth.
Hence, topographical cues seem to influence axon outgrowth, but additional biochemical cues,
here collagen type I, also affect the speed of axonal outgrowth.
Based on task 1, 2 and 3 the fourth task was performed by engineering a new tubular scaffold
containing aligned collagen fibrils in order to mimic the cell 3D microenvironment more closely
(Appendix D). The inner surface of cellulose hollow fiber membranes were coated with aligned
collagen fibrils and functionalized with heparin in accordance to the streaming protocol developed
in the first part of this thesis. Axolotl spheroids were successfully cultured in these tubes and
preliminary results point at improved adhesion and polarization of these cells when compared
to uncoated, control surfaces.
Three important conclusions can be drawn deduced from the tasks performed: (i) aligned ma-
trices with varying biochemical and physical characteristics can be produced using microfluidic
techniques, (ii) aligned collagen matrices (optionally functionalized with heparin) can guide and
support stem cell alignment and differentiation, and (iii) the method for collagen alignment can
be employed to produce more clinically relevant cylindrical scaffolds containing aligned collagen
fibrils for 3D spheroid cell culture.
Together, the obtained results prove the applicability of the new method to versatile microfluidic
channel geometries including hollow fiber membranes. In addition, a recent study by Saeidi et
al. [160] recapitulated the formation of aligned collagen fibrils under shear-flow conditions. This
group confirmed the feasibility of the new method to generate aligned collagen matrices using a
commercially available perfusion chamber.
While the results of this thesis project are promising, they also demonstrate important areas
where further research is required. Since aligned collagen matrices guide mesenchymal and neural
stem cell behavior and function, this platform has the potential to possibly guide morphogenesis
of other tissue types with anisotropic structure, e.g., cardiac muscle, cornea, blood vessel, tendon,
and ligament. Thus, further culture of different cell types, for instance photoreceptor retina
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cells or endothelial cells, would be beneficial to validate the advantages of this method. In such
efforts, the immobilization of heparin could provide a means for growth factor presentation.
Depending on the application of interest, binding and release of growth factors like nerve growth
factor or vascular endothelial growth factor could yield crucial effects in cell culture experiments.
The generation of gradients of growth factors along the matrices would offer valuable options
for advanced cell culture technology. Additionally, other extracellular matrix components like
fibrin could be employed using this approach to create aligned fiber matrices. Likewise, the
incorporation of laminin in a multiple component approach is likely to prove rewarding for
neural tissue engineering applications. With regard to future clinical applications the use of
human cells within this study holds advantages. In an effort to push research towards clinical
applications these cells could be tested in a clinically more relevant environment using coated
cellulose hollow fiber membranes. In particular, considering the potential of the coated cellulose
hollow fiber membranes to be used as nerve guidance conduit, the employment of human white-
matter derived NSCs or other relevant cell types derived from the peripheral nervous system is
highly intriguing. Likewise, further experiments involving axolotl neurospheres combined in one
system with aligned collagen fibrils and relevant growth factors could provide new insights into
regeneration mechanisms in general and pave the way to whole spinal cord regeneration.
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Abstract
Here we present a new technique to generate surface-bound collagen I fibril matrices with differ-
ing structural characteristics. Aligned collagen fibrils were deposited on planar substrates from
collagen solutions streaming through a microfluidic channel system. Collagen solution concen-
tration, degree of gelation, shear rate and pre-coating of the substrate were demonstrated to
determine the orientation and density of the immobilized fibrils. The obtained matrices were
imaged using confocal reflection microscopy and atomic force microscopy. Image analysis tech-
niques were applied to evaluate collagen fibril orientation and coverage. As expected, the degree
of collagen fibril orientation increased with increasing flow rates of the solution while the ma-
trix density increased at higher collagen solution concentrations and on hydrophobic polymer
pre-coatings. Additionally, length of the immobilized collagen fibrils increased with increasing
solution concentration and gelation time.
1 Introduction
Collagen is the most abundant structural protein in mammals. To date, 28 different types of col-
lagens [1] are known to be involved in shaping and maintaining the extracellular matrix (ECM)
by forming fibrillar or other large-scale assemblies [2]. Collagen builds tissue-specific architec-
ture that imparts mechanical strength and stability to the ECM and mediates cell attachment,
morphology, proliferation and migration [3]. In order to better understand the in vivo function
of collagen matrices it is of need to develop systems that mimic these structures in vitro. In
this context it is of great interest to develop methods allowing for the variation and control of
the morphology of collagen assemblies in vitro to adopt the very versatile structures found in
tissues.
Collagen type I is the main collagen found in skin and bone and the major constituent of most
ECM variants. Three left-handed supercoiled polypeptide chains (two α1(I) and one α2(I)) in
a polyproline- II-like conformation form a right-handed triple helix, the collagen molecule, with
a diameter of 1.5 nm and a length of 300 nm [2]. In an entropy-driven self-assembly process
termed fibrillogenesis, collagen molecules form fibrils with diameters ranging from 20 nm to 70
nm [2, 4]. Turbidimetric analysis of fibril formation in vitro showed an initial lag phase followed
by a growth phase with a sigmoidal increase in fibril formation rate [5]. It has been suggested
that dimer and trimer formation takes place during the lag phase, while rapid lateral aggregation
1
involving five trimers (‘‘microfibril’’) occurs during the growth phase. Further growth occurs by
linear and lateral addition of trimeric units to result in collagen fibril formation [6].
In vivo, collagen fibrils are arranged in complex three-dimensional arrays, often in an aligned
manner, to fulfil certain biomechanical functions such as resisting high tensile forces in tendons.
Collagens can be found as parallel fibre bundles in tendon and ligaments [7], as concentric waves
in bone [8] or as orthogonal lattices in cornea [9]. The spatial organization of collagen fibres
in vivo is believed to play an important role in directing cell behaviour and fate decisions.
For example, it has been reported that fibroblasts align along oriented collagen fibril matrices
via contact guidance [10, 11]. The direction of cell migration and the distribution of newly
synthesized collagen are also determined by the alignment of collagen fibrils [12]. It is thus
important that aligned collagen fibril matrices be created in vitro to investigate ECM structure
and its influence on cell behaviour. However, this is problematic as reconstitution of collagen
matrices in vitro results in isotropic structural networks containing arbitrarily oriented collagen
fibrils [13].
Several approaches have been introduced to reconstitute aligned collagen matrices in vitro. Els-
dale and Bard presented a technique that involved unidirectional draining of a supporting cover-
slip during gelation of a collagen solution [14]. Additionally, exposing a gelling collagen solution
to a strong magnetic field aligns collagen fibrils due to the diamagnetic properties of collagen
molecules [15, 16]. Guo and Kaufman [17] also made use of magnetic fields, but did so by adding
magnetic beads to the collagen solution then aligning the gelling collagen solution by moving
the beads towards their poles. Aligned collagen nanofibre matrices have also been produced by
electrospinning [18] or use of a mica surface in combination with hydrodynamic flow [19]. Lastly,
collagen fibril alignment has been observed in microfluidic channels (<100 mm width) as result
of a short initial pressure-driven flow and subsequent static gelation of a collagen solution [20].
Despite the development of these methods [11, 16, 15, 17, 18, 19, 20], however, the production of
aligned collagen matrices still requires complex technical equipment or lacks broad application
to cell biology due to the limited size of the area covered or the rather artificial characteristics
of ‘‘non-native’’ matrices. Importantly, none of the abovementioned techniques enables collagen
fibril alignment, density and morphology to be varied.
Here we introduce a new technique using a microfluidic system to create well-aligned ‘‘native’’
collagen fibril matrices that cover large areas. This method allows both density and collagen
fibril orientation to be controlled by varying the applied solution (gelation time, concentration),
hydrodynamic flow (shear rate) and pre-coating of the substrate (hydrophobicity, reactivity,
charging).
2 Materials and methods
2.1 Preparation of glass substrates/thin polymer films
For experiments with uncoated glass substrates, freshly cleaned 22 mm 22 mm glass cov-
erslips (Menzel Gla¨ser, Braunschweig, Germany) were oxidized in a 1:1 mixture of aque-
ous ammonia solution (Acros Organics, Geel, Belgium) and hydrogen peroxide (Merck). For
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thin film preparation, cleaned coverslips were functionalized by reaction with 3-aminopropyl-
dimethylethoxy-silane (ABCR, Karlsruhe, Germany). Poly(octadecene-alt-maleic acid) (POMA;
MW¼ 30,000–50,000, Polysciences, Warrington, PA) and poly(ethylene-alt-maleic acid) (PEMA,
MW¼ 125,000, Aldrich, Munich, Germany) were dissolved in tetrahydrofuran (THF, Fluka,
Deisenhofen, Germany) in a concentration of 0.08 wt% and 0.15 wt%, respectively, and spin
coated (RC 5 Suess Microtec, Garching, Germany) onto the amine-modified coverslips at 4000
rpm for 30 s. Stable covalent binding of the polymer films was achieved by annealing at 120
C to form imide bonds with the amino-silane on the glass substrate [21]. The hydrophobicity
of the surfaces (evaluated by the water contact angle) decreases in the following order: POMA
(100)> PEMA (57)> Glass (<10) (previous measurements, see Ref. [21]).
2.2 Collagen solution
Bovine dermal collagen I solution (purified and pepsin-solubilized in 0.012 N HCl, PureCol,
Inamed, Milmont Drive, USA) was brought to physiological pH by mixing eight parts of the
acidic collagen solution (3.0 mg/ml) with one part of 10-fold concentrated phosphate buffered
saline (PBS, Sigma, Steinheim, Germany) and one part 0.1 M NaOH. All components were kept
in an ice bath before and after mixing. Appropriate volumes of chilled 1 PBS were added to
adjust the final concentration of the collagen solution.
Time-dependent viscosity of the collagen solutions was measured with a rotational rheometer
(Physica MCR 300, Anton Paar Germany GmbH, Ostfildern, Germany) using a double concen-
tric cylinder measurement system equipped with a temperature unit that enables heating the
sample up to 37 C. The initially chilled collagen solutions (0.2 mg/ml, 0.4 mg/ml, 0.8 mg/ml)
were heated up to 37 C within 10 min and the viscosity was measured at every minute with
an applied shear rate of 40 s1. Collagen solutions (0.8 mg/ml) showed a slight initial increase
in viscosity (2.34–2.37 mPas) in the first 5 min. An increase was also observed for 0.4 mg/ml
collagen solutions (1.41–1.44 mPas), however, it had longer time period. The viscosity subse-
quently decreased, reaching an end value of 1.28 mPas for 0.8 mg/ml and 1.05 mPas for 0.4
mg/ml collagen solutions after 60 min. Viscosity of 0.2 mg/ml collagen solutions showed a slight
decrease (1.1–1 mPas) after 60 min (Fig. 1).
2.3 Microfluidic system
The microfluidic system used to deposit aligned collagen fibrils was fabricated by microcasting
polydimethylsiloxane (PDMS) and sealed by a coverslip (see above). For detailed information
concerning the technology, we refer the reader to Ref. [22]. Two parallel channels of 8 mm
length, 1 mm width and 73.6 mm height were generated on one channel plate. In order to
improve contact between PDMS and coverslip, additional channels were integrated into the
PDMS portion of the channel plate and connected to a vacuum pump. The hydrodynamic
flow (flow rate) of the collagen solutions in the micro-channels was controlled by a syringe pump
(KDS, Holliston, USA) connected via polyether-ether-ketone (PEEK) tubing (diameter 750 mm,
Nordantec, Bremerhaven, Germany) to external valves and to the channel plate.
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Figure 1: Time-dependent viscosity of differently concentrated collagen solutions at 37°C.
2.4 Flow conditions
Experiments were performed under conditions of laminar flow. In all experiments the Reynolds
number (as a criterion for laminar flow) was smaller than 1. The following flow rates were
applied: 0.45 ml/min, 4 ml/min, and 11 ml/min corresponding to wall shear rates of 8.3 s−1,
73.8 s−1, and 203.1 s−1.
2.5 Deposition of collagen fibrils during fibril formation (Variant A)
The microfluidic system was placed in a CO2-free incubator (Sanyo, Bensenville, USA) at 37
C and the syringe pump was kept below 4 C in a cooled styrofoam box. The collagen solution
was prepared at 4 C and drawn into chilled syringes (Roth, Karlsruhe, Germany), which were
quickly installed into the syringe pump to avoid early fibrillogenesis. The streaming process was
started immediately by pumping the chilled collagen solution from the cooled storage reservoir
through the heated tubing. The length of the tubing leading to the microfluidic channel was
varied according to the streaming time of the collagen solution through the heated tubing before
entering the channel, defined here as conditioning time. Conditioning was followed by streaming
through the microfluidic channel. In all experiments, a deposition time of 1 h was used. The
sample was then rinsed with MilliQ and dried under a clean bench.
2.6 Deposition of fully developed collagen fibrils (Variant B)
The collagen solutionwas prepared at 4 C in a centrifuge tube (Roth, Karlsruhe, Germany),
placed in a CO2-free incubator (Sanyo, Bensenville, USA) at 37 C, and allowed to form fibrils
for 24 h. The resulting gels were homogenized for 4 min (T-8 Ultra Turrax) and centrifuged
(Heraeus, Hanau, Germany) at 1000g for 6 min. The supernatant (∼2 ml) was drawn into a
syringe that was subsequently installed into the syringe pump. The solution was then pumped
for 1 h with flow rates of 0.45 ml/ min, 4 ml/min, and 11 ml/min through the microfluidic
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channel. Afterwards the channel was rinsed with PBS for 20 min to flush away loose fibrils and
the coated coverslip was removed from the PDMS channel plate. The sample was then rinsed
and dried as described above. Experiments were carried out at room temperature.
2.7 Confocal reflection microscopy (CRM)
Confocal reflection microscopy (TCS SP, Leica, Bensheim, Germany) was performed at a wave-
length of 488 nm (Ar laser) to visualize the unstained collagen fibrils. CRM pictures of the fibril
matrices were obtained using a 40 oil immersion objective as previously described [23].
2.8 Atomic force microscopy (AFM)
Surface topography of the collagen matrices was investigated via intermittent contact scanning
force microscopy with a PicoSPM (Molecular Imaging, Phoenix, AZ, United States) using silicon
cantilevers (Tap300, BudgetSensors, Bulgaria) with a resonant frequency 300100 kHz, force
constant 40 N/m and tip radius< 10 nm.
2.9 Image analysis to quantify fibril alignment and coverage
The area covered with collagen fibrils and the degree of fibril alignment were quantified with
NIH ImageJ 1.37v software. Three samples containing two channels with collagen fibrils were
analyzed for each condition at three selected positions of the channel (inlet, middle, outlet).
One sample contained a minimum coverage of 200 collagen fibrils. A threshold value of the
reflection intensity was defined to isolate collagen fibrils from the background. By fitting an
ellipse to the major axis of each collagen fibril, the angle of the fibrils to the flow direction was
determined. The orientation of fibrils parallel to the flow direction corresponds to an angle of 0.
The average orientation angle of the fibrils was calculated by taking the mean of the orientation
angle of each fibril. The angular distribution of collagen fibrils was determined based on the
relative frequency of fibril angles (classified into bins of 5 angles) of three samples and by a
fit to a Gaussian the full-width half-maximum (FWHM). The coverage of collagen fibrils was
calculated by taking the mean of area fractions of the fibrils as percentage of the total area.
2.10. Statistical analyses Data were analysed using GraphPad Instat 3.06, and the Student’s t
testwas used for inter-sample comparison. Multiple samples were evaluated by one-way ANOVA
followed by Tukey’s post hoc test to evaluate the statistical differences between all samples. The
standard deviation (SD) of the data was assumed to be equal and normally distributed.
3 Results
The aim of this study was the formation of aligned collagen matrices with variable orientation,
density, and morphology. The matrices were deposited from collagen solutions by means of a
microfluidic system. In order to vary the characteristics of the collagen matrices two variants of
the streaming experiment were applied.
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Table 1: Influence of process-relevant parameters on angular distribution of collagen fibril ma-
trices (FWHM) prepared according to Variants A and B.
Variant A FWHM(°) Variant B FWHM(°)
Concentration
0.2 mg/ml
0.4 mg/ml
0.8 mg/ml
41.4
31.1
30
Flow rate
0.45 µl/min
4 µl/min
11 µl/min
Concentration
3±0.1µg/ml
14±2.5µg/ml
Substrate
POMA
PEMA
Glass
Flow rate
30.1
16.3
14.4
Concentration
14.4
17
Substrate
14.4
18.1
13.9
3.1 Deposition of collagen fibrils during fibril formation (Variant A)
To generate collagen matrices according to Variant A, three concentrations of collagen solution
(0.2 mg/ml, 0.4 mg/ml and 0.8 mg/ml) were prepared and pumped with a flow rate of 11
µml/min through tempered tubing for 5 min before entering the channel. Fig. 2A shows CRM
and AFM images of the resultant collagen matrices on POMA surfaces. Solutions with higher
collagen concentrations produced significantly greater fibril coverage (6.9± 4.6% for 0.2 mg/ml,
29 ±5.7% for 0.4 mg/ml, 83± 4% for 0.8 mg/ml, at the middle position, Fig. 2B(i)). Visual
inspection indicated that collagen matrices generated at a solution concentration of 0.2 mg/ml
consisted of single, short and bent collagen fibrils (Fig. 2A). The length of these fibrils was
increased at 0.4 mg/ ml collagen concentrations, and more so at 0.8 mg/ml (Fig. 2A). Higher
solution concentration additionally increased collagen fibril orientation (FWHM 41.4° for 0.2
mg/ml, 31.1° for 0.4 mg/ml, 30° for 0.8 mg/ml, (Fig. 2B(ii), Table 1)). For 0.8 mg/ml matrices
47% of the collagen fibrils were within 5° of the channel axis.
In order to detect a possible connection between the conditioning time spent by the collagen
solution in the tempered tubing before entering the channel and the morphology of the resultant
collagen fibril matrices, streaming experiments were performed with 0.8 mg/ml collagen solutions
using various lengths of tubing between the syringe and microfluidic channel. The length of the
tubing was varied according to the calculated collagen solution conditioning times of 5 min,
10 min, and 30 min in the tempered tubing at a constant flow rate of 11 µl/min. Collagen
matrices generated after 5 min of conditioning showed dense and aligned fibrillar matrices (Fig.
3) that consisted of long and short collagen fibrils. After 30 min, mainly long, aligned, and
more individual collagen fibrils appeared (Fig. 3). Experimental reproducibility decreased as
conditioning time increased due to the formation and adsorption of large fibril aggregates. Image
analysis was not possible on matrices from solutions with 30 min conditioning time.
However, differences between the matrices in regard to morphology and structure were obvious
by visual inspection. Short collagen fibrils had fibre aspect ratios (length/diameter of fibril) of
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Figure 2: (A) CRM (first row) and AFM (second row) images of collagen fibril matrices prepared according
to Variant A with varying concentrations 0.2 mg/ml, 0.4 mg/ml and 0.8 mg/ ml on POMA-coated
substrate with a flow rate of 11 µl/min and conditioning time of 5 min. (B) Influence of varying
collagen solution concentrations on the density and orientation of collagen fibril matrices produced
according to Variant A (substrate POMA, flow rate 11 ml/min, conditioning time 5 min). (i) The
relative area fraction (y-axis) of collagen fibril coverage at three different positions (x-axis) is plotted
(n =3, ±SD, *p < 0.05, **p < 0.01, ***p < 0.001). (ii) Distribution of collagen fibre angles for
the different concentrations at the middle position of the channel. The histograms show the relative
frequency (y-axis) of fibre angles in 5° bins (x-axis) with 0° set as parallel to the channel axis.
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rp ∼10-30, and longer ones rp>40 (data not shown).
Streaming a chilled collagen solution through tempered tubings into a rectangular flow chamber
was found to produce aligned collagen matrices with variable density, alignment and morphol-
ogy. Higher collagen concentrations resulted in greater density of the matrices. The collagen
concentration additionally affected the morphology of the deposited matrices: short and bent
fibrils were obtained from lower concentrations and longer fibrils from higher concentrations.
The alignment was influenced by both the preconditioning time as well as by the solution con-
centration. Longer preconditioning times (up to 30 min) as well as higher solution concentrations
resulted in a higher degree of alignment of the deposited fibrils.
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Figure 3: CRM images of collagen fibril matrices (Variant A) prepared from collagen solutions (0.8 mg/ml)
pumped through heated tubing for varying conditioning time periods 5 min, 10 min, 30 min before
entering the channel (on POMA surfaces, flow rate of 11 µl/min). Dimensions of images are 62.5x62.5
µm
3.2 Deposition of fully developed collagen fibrils (Variant B)
Variant B was developed to create highly aligned matrices of long ‘‘mature’’ collagen fib-
rils. Homogenization and centrifugation of collagen gels resulted in a low-concentrated super-
natant containing individual long collagen fibrils. Subsequently, the preprocessed supernatant
(3±0.1 mg/ml, determined by High Performance Liquid Chromatography (HPLC)) was pumped
through the microfluidic channel. Fig. 4A shows CRM and AFM images of the resultant collagen
matrices on POMA surfaces at a flowrate of 11 µl/ min. The flow rate of the system was initially
adjusted to 11 µl/min since less fibril coverage across the width and length of the channel was
observed at higher flow rates (data not shown). To further optimize orientation and coverage of
the collagen matrices, flow rate in the streaming experiments was varied (11 µl/min, 4 µl/min
and 0.45 µl/min) across the POMA-coated surfaces. The amount of adsorbed collagen fibrils
increased significantly with decreasing flow rate, independently of channel position (17±8% for
11 ml/min, 38±10.3% for 4 ml/min and 65±3% for 0.45 µl/min, at inlet position, Fig. 4B(i)).
However, at the lowest flow rate (0.45 µl/min), an increasing amount of non-aligned aggregates
was observed at the channel inlet and outlet. The best alignment was achieved at 11 µl/ min
(FWHM 14.4, Fig. 4B(iii), Table 1). The collagen fibrils (68%) were within 5° of the channel
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axis. Parallel alignment of the fibrils was consistent across the entire length and width of the
microfluidic channel (Fig. 4A and B(ii)), but collagen fibril coverage declined from the channel
inlet to the outlet in all Variant B experiments (Figs. 4B(i), 5A(i) and B(i)). The generated
collagen fibrils had fibre aspect ratios (length/diameter of fibril) of rp>40 (data not shown).
In order to increase surface coverage, concentration of the collagen solutionwas increased. The
collagen concentrations of the supernatant (after processing according to Variant A, see Sec-
tion 2) used for the streaming experiments was 3±0.1 µg/ml and 14±2.5 µg/ml (determined
by HPLC). At higher collagen solution concentration, the amount of adsorbed collagen fibrils
increased independently of channel position (19±9% for 3± 0.1 µg/ml, 36±16.7% for 14±2.5
µg/ml, at inlet position), but orientation slightly decreased (FWHM 14.4°–17°) (Fig. 5A, Ta-
ble 1). This decrease in alignment was attributed to an increase in aggregates of non-aligned
collagen fibrils, not to alterations in collagen fibril orientation.
Influence of the substrate on coverage and orientation of the resulting fibril matrices was also sys-
tematically investigated. Streaming experiments with copolymer-coated glass coverslips (POMA
and PEMA) and freshly cleaned glass coverslips were performed at a flow rate of 11 µl/min.
On POMA-coated substrates, we detected substantially higher coverage (13.5±4.7%) in com-
parison to PEMA-coated (7±2.6%) and bare glass coverslips (6±1.5%) (at the inlet position,
Fig. 5B(i)). The alignment of collagen fibrils on POMAcoated and glass substrates was higher
than on PEMA-modified substrates (FWHM 14.4° for POMA; 18.1° for PEMA, 13.9° for glass,
Fig. 5B(ii), Table 1). Solutions containing ‘‘mature’’ fibrils produced highly aligned collagen
matrices. The fibril alignment was varied by the flow rate and the choice of the substrate. High-
est degrees of alignment were determined on glass at a flow rate of 11 µl/min, lower flow rates
resulted in less alignment. The fibril density was affected by the solution concentration and the
substrate properties: Higher concentrations resulted in higher surface coverage; the hydrophobic
POMA surface gave rise to the highest surface coverage.
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Figure 4: (A) CRM and AFM images of aligned collagen fibril matrices prepared according to
Variant B (solution concentration 3± 0.1 µg/ml, substrate POMA, flow rate 11 µl/min)
along the length (inlet, middle and outlet) of the microfluidic channel. (B) Influence
of different flow rates on collagen fibril coverage and orientation of collagen matrices
prepared according to Variant B (flow rate 11 µl/min, solution concentration: 3± 0.1
µg/ml, substrate POMA). (i) Collagen fibril coverage as area fraction in percentage
at different channel positions for the different flow rates (n=3,±SD, *p < 0.05, **p <
0.01, ***p < 0.001). (ii) Mean orientation angle of collagen fibrils along the channel
length for the different flow rates (n=3,±SD). (iii) Distribution of collagen fibre angles
for the different flow rates at the middle position of the channel. The histograms show
the relative frequency (y-axis) of fibre angles in 5° bins (x-axis) with 0° set as parallel
to the channel axis.
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4 Discussion
The variation of gelation times and collagen concentrations allowed us to prepare aligned matri-
ces consisting of collagen fibrils that show different degrees of fibril formation. Collagen fibrillo-
genesis is a multistep process whose dynamics depend on the starting concentration [24]. Higher
starting concentrations of collagen is known to accelerate rate and number of fibrils formed [13].
This may explain the finding here that fibres formed at lower concentrations are shorter and
reduced in number compared to those formed at higher starting concentrations (Variant A) (Fig.
2A). Turbidity measurements show that lag times for concentrations around 0.2 mg/ml exceed
the conditioning time of 10 min [13]. Thus, it can be assumed that fibril formation does not take
place under these conditions. However, it was reported that the lag time disappears when the
neutralized collagen solution is kept at 4 C for longer than 5 min. Since we stored the collagen
solution at 4°C up to 1 h before streaming (see Section 2 Variant A), it is likely that a lag time
was not a factor. Thus, the fibrils in our experiments may have already begun to form in the
chilled storage reservoir or while streaming through the tempered tubing. This was confirmed
by the observation that longer and more isolated collagen fibrils are deposited on the substrate
(see Fig. 3) as conditioning times increase while collagen solution concentration and flow rate
are kept constant. Longer conditioning times allowed fibril formation to occur for a longer time
period, hence the formation of longer fibrils.
Matrices consisting of long, highly aligned, and individual collagen fibrils were produced by
streaming a collagen solution containing ‘‘ready-made’’ collagen fibrils (Variant B) (Fig. 4A).
Since the collagen solution was allowed to gel for 24 h before streaming, it can be expected
that the resultant matrices consist of collagen fibrils that were fully developed before they were
deposited on the substrate.
4.1 Influence of flow rate and solution concentration
The significant increase in fibril coverage of matrices produced with initially cooled and neutral-
ized collagen solutions at low starting concentrations (Variant A) (Fig. 2B(i)) can be directly
attributed to the increase in monomer content and thus the amount of fibrils in the solution.
Matrices generated according to Variant B also showed an increase of fibril coverage (Fig. 5A(i))
when solution concentration was increased. Appropriate adjustment of the flow rate enabled the
generation of highly aligned matrices that were at the same time adjustable in density (Variant
B, Fig. 4B). Thus, it was possible to influence collagen fibril coverage and alignment by adjusting
the flow rate and collagen solution concentration. All matrices prepared according to Variant
B exhibited a gradient of coverage along the channel, while the matrices prepared according to
Variant A showed no such gradient (Figs. 2B(i), 4B(i) and 5A(i) and B(i)). A possible reason
for this effect might be a depletion of collagen across the channel length [25], which was solely
observable for Variant B matrices since very low-concentrated solutions were employed.
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Figure 5: (A) Influence of the collagen solution concentration on density and orientation of col-
lagen fibril matrices prepared according to Variant B (flow rate 11 µl/min, substrate
POMA). (i) The relative area fraction (y-axis) of collagen fibrils coverage at three
different positions (x-axis) at both concentrations is plotted (n=3,±SD). (ii) Distri-
bution of collagen fibre angles for both concentrations at the middle position of the
channel. The histograms show the relative frequency (y-axis) of fibre angles in 5° bins
(x-axis) with 0 set as parallel to the channel axis. (B) Influence of substrate on den-
sity and orientation of collagen fibril matrices prepared according to Variant B (flow
rate 11 µl/min, solution concentration: 3± 0.1 µg/ml). (i) The relative area fraction
(y-axis) of collagen fibrils coverage for the three substrates at three different positions
(x-axis) is plotted (n=3,±SD), SD). (ii) Distribution of collagen fibre angles for the
three substrates at the middle position of the channel. The histograms show the rela-
tive frequency (y-axis) of fibre angles in 5° bins (x-axis) with 0° set as parallel to the
channel axis.
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4.2 Influence of substrate
Experiments with substrates differing in the degree of hydrophobicity/ hydrophilicity (glass,
POMA- and PEMA-coated glass) were performed and substantially higher coverage of collagen
fibrils was achieved on POMA-modified surfaces than on PEMAmodified and bare glass slides
(Fig. 5B(i)). Both copolymers POMA and PEMA consist of alternating units of maleic acids
and alkyl chains. However, the co-monomer octadecene in POMA is large in comparison to the
small ethylene residue in PEMA. Consequently, thin films of these copolymers show differences
in hydrophobicity and structural characteristics ranging from a nearly non-swollen, hydrophobic
film for POMA to highly swollen copolymer brushes for PEMA [21]. Covalent attachment of
the collagen to the copolymers could be excluded, since the other co-monomers of both POMA
and PEMA were in the non-reactive diacid form. The higher coverage of collagen on POMA-
coated substrates may be explained by the capability of the long alkyl chains of POMA to
mediate hydrophobic interactions between collagen and the substrate surface. The hydrophilic
gel-like structure of PEMA and the smooth and unswollen glass surface apparently do not favor
adsorption of the hydrophobic collagen. Moreover, the swollen and uneven gel-like structure
of PEMA possibly impedes collagen fibril alignment. This may explain the slight decrease in
alignment seen on PEMA surfaces (Fig. 5B(ii), Table 1) compared to the hard and even surfaces
of POMA and glass.
4.3 Possible mechanism of fibril alignment
Because ‘‘prealignment’’ effects [26] appear to play a minor role in this system and as viscosity
only slightly influences fibril alignment – matrices produced according to Variant B showed the
highest degrees of alignment despite of the low viscosity of the utilized solutions – the formation
of longer fibrils (besides the flow rate) seems to critically determine alignment (Figs. 2A and
B(ii), 3 and 4A and B(iii), Table 1) pointing at the underlying mechanism of a ‘mechanical
alignment’. Fibres in a simple shear flowalign most of the time in the direction of flow, however,
their orientation can change by 180 in a ‘‘tumbling’’ motion [27]. This motion was observed in a
low Reynolds number regime for pulp fibres that reveal rigidities in the same range as collagen
fibrils (pulp fibres: 5.4 Gpa [28], collagen fibres: 5.5 Gpa [29]). Thus, in our system, it is likely
that the collagen fibrils interact with the wall during the tumbling motion. If one end of the fibril
attaches to the surface, the remaining part can be aligned by the streaming fluid in a position
of low hydrodynamic resistance, i.e. parallel to the flow direction. However, due to additional
interaction of the fibril with the surface, not all fibrils align parallel to the flow. Near the wall,
the number of fibres aligning in flow direction was reported to be higher for higher aspect ratios
(rp> 40) [30, 31]. Since aspect ratios of the long fibrils in our system are comparable to those
of Ref. [30], inertia effects may contribute to the increase of fibril alignment with increasing
length. Thus, it can be concluded that fibril alignment is dependent on (i) the flow rate (which
influences the shear stress/force in the system (tubing and channel)), (ii) the length of the fibrils,
and to a lesser degree (iii) the viscosity of the solution (which also influences shear force, but in
a much lower order than flow rate).
13
4.4 Comparison to other methods and potential benefits
Collagen alignment was homogeneous for the entire width and almost the whole length of the
channel covering an area of several square millimeters. This is an major advantage of this method
compared to collagen gels produced by microfluidic alignment in thin streaming channels [20]
allowing only a small area (channel widths <30 mm) to be coated with consistently aligned
fibres. This method limits the use for cell culture studies since the average cell diameter is in the
same magnitude as the covered area. Our matrices showed greater fibril alignment for an area
100-fold bigger in width. Highest alignment was achieved with 68% and 47% of the collagen
fibrils within 5 of the channel axis for Variant B and Variant A, respectively. In comparison,
Lee et al. reported 40% of the collagen fibrils to be within 5° of the channel axis whereas for
increasing channel width this percentage decreased. Our data thus indicate that our method
produces highly aligned matrices that are of comparable or better quality to those obtained
by other current techniques. To our knowledge it has not been demonstrated that any of the
above techniques can give rise to aligned collagen matrices tuneable in morphology. Since in vivo
collagen fibril architecture varies from tissue to tissue and cellular fate decisions critically depend
on the surrounding matrices [32, 33], cell biology experiments to investigate the effect of collagen
fibril length and density on stem cell differentiation could be of great interest. For that aim, the
formation of aligned collagen fibrils will be further elaborated to incorporate glycosaminoglycans
like heparin and heparan sulphate [34] which mediate growth factor and protein binding [35].
The method is also currently applied in ongoing studies to create three-dimensional matrices
through layer by layer deposition and for the coating of hollow tubular structures to be used as
conduit in nerve repair.
5 Conclusion
Here we present a new technique to generate aligned fibrillar collagen matrices on different sub-
strates. Using an easy to handle microfluidic system, we created collagen matrices of differing
alignment, density and morphology. We demonstrated that the degree of fibril alignment can be
increased by increasing flow rate and fibril length. Furthermore, matrix density can be varied
and increased by using different collagen solution concentrations and surface-modified substrates.
Additionally, the matrix morphology is tuneable by varying gelation time and collagen concen-
tration. The versatility of this method enables quick and easy preparation of fine-tuned collagen
matrices that can be applied in advanced cell biology and tissue engineering researches. In
particular, these welldefined matrices provide an opportunity to characterize and control cell
adhesion, orientation and migration. In this context, we are currently applying the surface-
engineered substrates described here to guide neurite outgrowth and elongation in vitro.
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Abstract
Cell-matrix interactions are paramount for the successful repair and regeneration of damaged
and diseased tissue. Since many tissues have an anisotropic architecture, it has been proposed
that aligned extracellular matrix (ECM) structures in particular could guide and support the
differentiation of resident mesenchymal stem and progenitor cells (MSCs). We therefore created
aligned collagen type I structures using a microfluidic set-up with the aim to assess their impact
on MSC growth and differentiation. In addition, we refined our aligned collagen matrices by
incorporating the glycosaminoglycan (GAG) heparin to demonstrate the versatility of the applied
methodology to study multiple ECM components in a single system. Our reconstituted, aligned
ECM structures maintained and allowed multilineage (osteogenic/ adipogenic/chondrogenic)
differentiation of MSCs. Most noticeable was the observation that during osteogenesis, aligned
collagen substrates choreographed ordered matrix mineralization. Likewise, myotube assembly
of C2C12 cells was profoundly influenced by aligned topographic features resulting in enhanced
myotube organization and length. Our results shed light on the regulation of MSCs through
directional ECM structures and demonstrate the versatility of these cell culture platforms for
guiding the morphogenesis of tissue types with anisotropic structures.
1
1 Introduction
A fundamental requirement for recapitulating tissue architecture is to control cell-matrix inter-
actions [1]. Achieving this goal by mimicking native cellular microenvironments is a priority for
a number of scientific disciplines, including tissue engineering. The extracellular matrix (ECM)
microenvironment is composed of a variety of structural components, including collagen, fib-
rin and elastin, arranged in complex architectures that are in part tissuespecific. For example,
collagen is found as parallel fiber bundles in tendons and ligaments [2], as concentric waves in
bone [3] and as oriented fibrils in the superficial zone of articular cartilage [4]. This spatial
organization imparts mechanical strength to the tissue and impacts cellular function, including
adhesion, orientation, proliferation and differentiation [5, 6, 7].
Frequently, tissue-specific cellular functions are assessed outside their native (ECM) microen-
vironment by cultivating cells on standard tissue culture ware. By doing so, they lose their
native organization and adopt random distributions that do not resemble physiological tissue
architecture. Thus there is a need to design systems that provide chemical–physical cues in a
biologically relevant manner. Although collagen is applied to tissue culture substrates to yield
non-fibrillar or randomly oriented fibrillar networks, native tissues frequently have aligned col-
lagen structures. To overcome this limitation, we recently developed a method to create aligned
collagen type I matrices in vitro [8]. Collagen type I fibrils are deposited and aligned on planar
substrates by means of shear flowdeposition in a microfluidic channel. Although a number of
other methodologies have been explored to generate oriented collagen substrates [9, 10, 11, 12],
our technique is unique as it permits the formation of a highly aligned, native collagen matrix.
Density and morphology can be tuned by adjusting microfluidic flow rate and collagen solution
concentration.
Mesenchymal stem cells (MSCs) have been at the forefront of tissue engineering as they are
readily isolated from adult donors, expanded in vitro and show robust differentiation into fat,
cartilage and bone [13, 14, 15, 16]. Since MSCs contribute to highly organized tissue architec-
tures (e.g. bone, cartilage), aligned ECM may be critically important for their differentiation.
While aligned and patterned biomaterial scaffolds have been used to study the influence of geo-
metric signals on neural stem cells [17, 18], fibroblasts [19], myoblasts [20] and MSCs [21, 22, 23],
there are no reported studies employing aligned ECM matrices to guide and support multilin-
eage mesenchymal differentiation. Therefore, in an effort to better understand the spatial and
biochemical cues regulating cell behavior, we examined the ability of our aligned ECM struc-
tures to guide and support the differentiation of mesenchymal stem and progenitor cells into
specific lineages. In addition, we refined our aligned collagen matrices by incorporating the
glycosaminoglycan (GAG) heparin to (a) demonstrate the visibility of the applied methodology
to study multiple ECM components in a single system, (b) mimic the broad variety of ECM
structures found in vivo more closely, and (c) study the impact of multiple biochemical cues in
our set-up.
2
2 Materials and methods
2.1 Preparation of glass substrates and collagen solution
Surface activation of glass coverslips with Poly(octadecene-alt-maleic acid) (POMA; Polysciences,
Warrington, PA) was performed as described elsewhere [8, 24]. To prepare the collagen solu-
tion, bovine dermal collagen I (purified and pepsinsolubilized in 0.012 N HCl, PureCol, Inamed,
Milmont Drive, USA) was brought to physiological pH by mixing eight parts acidified collagen
solution (3.0 mg/ml) with one part 10-fold concentrated phosphate buffered saline (PBS, Sigma,
Steinheim, Germany) and one part 0.1 M NaOH. All components were kept on ice before and
after mixing. Appropriate volumes of chilled 1xPBS were added to adjust the final concentration
of the collagen solution.
2.2 2.2. Non-aligned ECM structures
To facilitate precise coating of collagen in designated areas, a silicone-based culture insert (Ibidi
GmbH, Martinsried, Germany) consisting of two wells was placed onto a tempered POMA-
coated glass slide [24]. A chilled non-fibrillar collagen solution (100 ml at 0.4 mg/ml) was placed
in each well and kept in a CO2- free incubator at 37°C to initiate fibril formation. After 90
min, the resulting fibrillar collagen gel and the culture insert were removed from the surface
leaving two 0.22 cm2 rectangular areas covered with a thin collagen layer on the substrate.
The modified surface was rinsed with PBS and stored in PBS until use. For collagen/ heparin
surfaces, collagen fibril formation was performed as described above. After washing with PBS, a
heparin (sodium salt from porcine intestinal mucosa, Fluka, Steinheim, Germany)/PBS solution
(2 mg/ml) was placed (100 ml) into each well of the culture inset and allowed to equilibrate for
20 min before rinsing with PBS.
2.3 Aligned ECM structures and functionalization with heparin
Aligned collagen matrices were prepared using the microfluidic set-up described previously [8].
Aligned collagen heparin matrices were prepared analogously to the aligned collagen samples.
Following the final PBS rinse, substrates were functionalized by streaming a heparin/PBS so-
lution (2 mg/ml) through the channel for 20 min at 11 µl/min and subsequently washing with
PBS. All samples were sterilized under UV light for 5 min.
2.4 Characterization of reconstituted ECM structures
After reconstitution, aligned and non-aligned collagen matrices were characterized by atomic
force microscopy (AFM), confocal reflection microscopy (CRM) and laser scanning microscopy
(LSM). For atomic force micrographs, the surface topography of air-dried collagen matrices was
investigated via intermittent contact scanning force microscopy with a PicoSPM (Molecular
Imaging, Phoenix, AZ, United States) using silicon cantilevers (Tap300, BudgetSensors, Bul-
garia) with a resonant frequency of 300±100 kHz, force constant of 40 N/m and tip radius <10
3
nm. Confocal reflection microscopy (TCS SP 1/5, Leica, Bensheim, Germany) was performed at
a wavelength of 488 nm (Ar laser) to visualize collagen fibrils, including heparin coated collagen
fibrils, as described elsewhere [25]. CRM pictures of fibril matrices were obtained using a 63x
oil immersion objective. Heparin deposited on collagen matrices was visualized using FITC-
labeled heparin (Molecular Probes, Leiden, Netherlands). Fluorescent labeled and unlabeled
polysaccharides were mixed at a ratio of 1:40 to yield an average concentration of 2.4 mg/ml in
PBS. The surfaces were imaged using a confocal laser scanning microscope (TCS SP 1/5, Leica,
Bensheim Germany) with a 63x oil immersion objective.
2.5 Cell culture
Human bone marrow-derived MSCs were isolated from healthy donors (male/ female, 22–25
years of age) after obtaining their informed consent. The cells were expanded and characterized
as described previously [26]. The study was approved by the institutional review board of
the Medical Faculty at the University Hospital Dresden. Cells were cultured in Dulbecco’s
modified essential medium (DMEM) (low glucose) supplemented with 10% fetal bovine serum
(FBS), maintained in a humidified atmosphere of 5% CO2 and subcultured when cells were
approximately 80% confluent. The experiments were performed with low passage cells (<5) that
were seeded at 5 x 103 cells/cm2 on the various substrates unless indicated otherwise. C2C12
(mouse multipotent mesenchymal progenitors) were obtained from the American Type Culture
Collection (Manassas, USA) and maintained as proliferating myoblasts in DMEM-high-glucose
medium supplemented with 10% FBS with a seeding density of 5 x 103 cells/cm2.
2.6 Cell viability and orientation analysis
MSCs were plated on substrates (5 x 103 cells/cm2) and at days 2, 4 and 7, cells were incubated
with fluorescein diacetate (FDA) and propidium iodide (PI) to stain viable and dead cells,
respectively. Briefly, solutions of 100 mg/ml FDA and PI were prepared by dissolving the
former in acetone and the latter in PBS (pH 7.4). A fresh working stock containing 100 ng/ml
of FDA and 2 mg/ml of PI was prepared in PBS and added directly to the cell cultures (i.e.
culture medium was not changed) at a 1:1 volume ratio. Samples were incubated for ∼2 min
and visualized using a confocal laser scanning microscope with a 10x oil immersion objective.
Images were taken from cells on the area covered with aligned collagen fibrils or the corresponding
control area (5 mm x 1 mm) at the indicated time point. Using the image software NIH ImageJ
1.37v, a threshold value of the reflection intensity was defined to isolate cells frombackground.
The orientation of each cell was determined by identifying its major axis with respect to the
horizontal axis where the alignment direction corresponded to an angle of 0°. A histogram of
the angular distribution of cells was plotted based on the relative frequency of orientation angles
(classified into bins of 10° angles).
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2.7 Differentiation studies
2.7.1 Osteogenic differentiation
MSCs were plated on respective substrates using DMEM (low glucose; Gibco) supplemented with
10% FBS as detailed above. After 7 days in culture, the medium was changed to DMEM+10%
FBS supplemented with osteogenic supplement (100 mM ascorbic acid, 10 mM glycerophosphate
and 100 nM dexamethasone). The supplemented medium and the respective control medium
(DMEM+10% FBS) were replaced every 2–3 days. At week 3, von Kossa staining was used to
stain matrix mineralization as detailed previously [26, 27] and visualized by light microscopy
(Leica DMIL, Leica Microsystems GmbH, Wetzlar, Germany). Images of mineralization on
aligned EC structures or the corresponding area (5 mm x 1 mm) on controls were taken. For
quantification, a threshold value of the reflection intensity was defined to isolate mineralized
nodules from background and the total mineralized area was calculated.
2.7.2 Adipogenic differentiation
MSCs were plated on respective substrates and allowed to establish themselves as described
above. At day 7, cultures were switched to adipogenic medium (Mesencult supplemented with
10% adipogenic supplement from Stem Cell Technologies, Vancouver Canada). At week 3, lipid
accumulation was quantified by Nile red staining as detailed elsewhere [28]. Briefly, cells were
fixed in 1.5% glutaraldehyde for 5 min, washed with PBS and incubated for 30 min with Nile Red
(100 ng/ml in PBS). Cell nuclei were stained with DAPI (100 ng/ml). Lipid vacuoles and cell
nuclei were visualized using epi-fluorescent microscopy (Leica DM IRE2, Leica Microsystems,
Wetzlar Germany). To quantify lipid vacuoles, images of Nile Red positive areas on aligned
ECM structures or the corresponding control area (5 mm1mm) were taken using a confocal laser
scanning microscope (TCS SP, Leica, Wetzlar, Germany). A threshold value of the fluorescent
intensity was defined to isolate lipidrich vacuoles from background and the total Nile Red positive
area was calculated.
2.7.3 Myogenic differentiation
C2C12s were plated on ECM substrates and respective controls at an initial plating density of
5 x 103 cells/cm2. To induce myogenic differentiation of C2C12s, cells were switched to DMEM
supplemented with 10% horse serum when they were ∼95% confluent (i.e. within 3 days of ini-
tial plating). After 1 week, C2C12 cells were fixed in ethanol:formaldehyde:acetic acid (20:2:1,
v/v/v) at -20°C for 10 min. The cells were rehydrated with PBS and incubated for 2 h at 37°C
with a monoclonal antibody against myosin heavy chain (MHC) (MF20, Developmental Studies
Hybridoma Bank, University of Iowa, IA) at a final concentration of 10 µg/ml in PBS supple-
mented with 1% goat serum. The cells were then washed twice with PBS and incubated with
goat anti-mouse IgG 2b (1:400, Invitrogen Molecular Probes, Eugene). Subsequently cell nuclei
were stained with DAPI for 15 min at room temperature. Cells were rinsed and then mounted
onto microscope slides using an antifade mounting medium. Images were captured using a
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confocal laser scanning microscope (TCS SP, Leica, Bensheim, Germany) and epi-fluorescent
microscope (Leica DM IRE2, Leica Microsystems, Wetzlar Germany).
2.8 Statistical analyses
Data were analyzed using GraphPad Instat 3.06 (GraphPad Software, La Jolla USA). Multiple
samples were analyzed by one-way analysis of variance (ANOVA) followed by Tukey-Kramer’s
post hoc test to evaluate the statistical differences (p 0.05) among all samples.
3 Results
3.1 Reconstituted ECM structures
Aligned collagen matrices were generated by employing a novel microfluidic system that has
been carefully characterized [8]. In the current study, a 0.8 mg/ml collagen solution was used
to generate aligned matrices containing long fibrils at high density (Fig. 1A). In contrast,
static fibril formation by a 0.4 mg/ml collagen solution produced randomly oriented collagen
fibrils (Fig. 1B). This collagen concentration was chosen for the static system to yield fibril
densities comparable to those observed using the microfluidic setup (data not shown). In an
effort to mimic native ECM structures more closely and to study the impact of selected GAGs
on cell behavior, we functionalized the aligned collagen matrices with heparin. The aligned
collagen matrices were first reconstituted (Fig. 1C), then a heparin/PBS solution (2 mg/ml)
was subsequently streamed across. CRM and fluorescent micrographs revealed that FITC-
labeled heparin co-localized with the corresponding fibrillar matrices, indicating that this 1-
step functionalization process decorated most of the collagen fibrils with heparin (Fig. 1C–F).
Isotropic collagen/heparin networks were achieved by static incubation of a random network of
collagen (Fig.1D) with a heparin/PBS solution (2 mg/ml) (Fig. 1F). Heparin immobilization
was subsequently shown to be stable for 3 days when incubated with culture medium (data not
shown).
3.2 Cell orientation and viability on reconstituted ECM structures
MSCs were cultured on reconstituted ECM structures (aligned collagen; aligned collagen/heparin;
random collagen; random collagen/heparin) and imaged using laser scanning microscopy to ex-
amine the effect of fibril alignment on cell orientation and proliferation at days 1, 4 and 7.
To simultaneously examine both cell viability and shape, cells were treated with FDA. On all
studied substrates, the vast majority of the cells were viable over the study period. Note, dead
cells are not captured in the representative images here due to their low abundance (Fig. 2).
MSCs seeded on non-aligned ECM structures showed no preferential orientation at any time
(Fig. 2A–C). In contrast, cells on aligned collagen and collagen/heparin matrices exhibited an
elongated morphology in the direction of the underlying fibrils (Fig. 2G–I,M–O). The addition of
heparin did not affect cell viability or alter the cell orientation or morphology. The extent of cell
6
A
C
B
D
E F
Figure 1: Micrographs of aligned and randomly aligned ECM structures. Atomic force micro-
graphs of (A) aligned collagen matrices and (B) randomly oriented collagen matrices
produced by shear flow deposition and static fibril formation, respectively. Scale bar 2
µm. CRM images of heparin-FITC-coated (C) aligned collagen matrices and (D) non-
aligned matrices and corresponding fluorescent LSM images visualizing FITC-labeled
heparin (green) on (E) aligned and (F) non-aligned collagen. Scale bar 5 µm.
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orientation was quantified by determining the orientation angle of each cell with regard to the
direction of the aligned fibrils, which was set at 0 as a reference angle. A histogram of orientation
angle distribution is shown for each fluorescent micrograph (Fig. 2). This quantitative analysis
confirmed our qualitative observations (Fig. 2 A–C, G–I, M–O). Image analysis also indicated
that the rate of MSC proliferation on all reconstituted ECM substrates was similar and there
were no statistical differences between functionalized and/or aligned matrices (Supplementary
Fig. 1).
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Figure 2: Influence of aligned and randomly aligned ECM structures on cell morphology and
orientation. Viable MSCs (green) adopting random and oriented morphologies on
non-aligned (A–C) and aligned collagen (G–I) at days 1, 4 and 7. Quantification of
cell orientation angles with the corresponding images is shown in the panels below
(D–F, J–L). Analogues images (M–O) and quantification (P–O) for cells cultured on
heparin functionalized aligned collagen substrates. (Scale bar 200 µm;±s.d., n = 4
replicates from 2 different donors).
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Figure 3: Osteogenesis of MSCs on non-aligned and aligned collagen. MSCs were plated on the
substrates and allowed to establish themselves for 7 days. Cultures were then switched
to osteogenic medium where indicated and matrix mineralization was detected with
von Kossa staining after 2 weeks. At the lower focal plane (A) non-aligned fibrillar
structures (open arrows) are visible and above this plane (B) non-aligned mineralized
nodules (closed arrows) are visible. At the lower focal plane (C) aligned fibrillar
structures (open arrows) are visible and above this plane (D) aligned mineralized
nodules (closed arrows) are visible. Scale bar 30 µm, insets 15 µm. (E) Quantitative
assessment of mineralization area on the reconstituted ECM structures. Glass served
as control surface. Statistical differences between samples were determined using one-
way ANOVA and Tukey-Kramer multiple comparison post hoc test (*p < 0.05, ±s.d.,
n = 4 replicates from 2 different donors). Note that the mineralized area for non-
induced glass control is representative for all aligned and non-aligned ECM substrates
in standard medium.
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3.3 Osteogenic differentiation of MSCs
A reliable and functional readout for the formation of mature osteoblasts is matrix mineralization
[29]. This can be verified by von Kossa staining, which stains areas of mineralization black
[26, 27]. MSCs induced with osteogenic medium showed abundant mineralized nodules (i.e.
positive von Kossa staining) when cultured on all substrates (Fig. 3A–D). On non-aligned
ECM, POMAcoated glass and glass, these calcium accumulations were isotropically distributed
(Fig. 3B). However, on aligned ECM structures, mineralized nodules were lined up in an ordered
fashion (Fig. 3D). Underneath the mineralized nodules, fibrillar structures were found on both
non-aligned and aligned substrates (Fig. 3A,B), indicating that these fibrillar structures provide
a framework for the deposition of mineralized nodules. On POMA and glass substrates, no such
fibrillar structures were observed. The extent of mineral deposition on the different substrates
was quantified by determining the total mineralization area for each substrate. There was a
significant increase in mineralization for stimulated cells compared to controls. However, the
absolute amount of mineralization on POMA and aligned collagen appeared to be lower than
for the other treated groups (Fig. 3E). Cells cultured on reconstituted ECMs did not show
spontaneous differentiation and yielded levels of von Kossa staining comparable to the controls
shown in Fig. 3.
3.4 Adipogenic differentiation of MSCs
The potential of MSCs to differentiate into adipocytes on aligned ECM was evaluated by cultur-
ing MSCs in lineage-specific differentiation medium. After 3 weeks in differentiation medium,
the cells were stained with Nile Red to detect the lipid-rich vacuoles of adipocytes that may have
developed (Fig. 4A). Adipogenesis was quantified by determining the total Nile Red positive
area for each sample (Fig. 4B). Quantitative data showed that adipogenic differentiation suc-
cessfully occurred on all substrates since a significantly higher amount of lipid vacuoles/Nile Red
positive area was observed for stimulated cells compared to controls (Fig. 4B). Alignment of
ECM substrates and functionalization with heparin did not significantly change the adipogenic
differentiation behavior (Fig. 4B). Cells cultured on reconstituted ECMs did not show sponta-
neous adipogenesis and yielded levels of Nile red staining comparable to the controls shown in
Fig. 4.
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Figure 4: Adipogenesis of MSCs cultured on aligned and non-aligned ECM structures. Glass
served as control surface. (A) After a 3-week incubation with adipogenic differen-
tiation medium, cells were stained with Nile Red (green) to mark typical lipid-rich
vacuoles within cells; nuclei were stained with DAPI (blue). Scale bar 30 µm. (B)
Quantification of Nile Red positive areas on the different substrates to assess adipoge-
nesis. Statistical differences between samples were determined using one-way ANOVA
and Tukey-Kramer multiple comparison post hoc test (*p < 0.05, ±s.d., n = 4 repli-
cates from 2 different donors). Note that Nile Red positive areas for the non-induced
glass control are representative for all aligned and non-aligned ECM substrates in
standard medium.
3.5 Myogenic differentiation of C2C12 cells
We studied the ability of aligned collagen structures to both guide and support morphogenesis
of skeletal muscle tissue using C2C12 myoblasts as a model system. To visualize myotubes
formed by fused myoblasts, the samples were stained for myosin heavy chain (MHC), a marker
of differentiatedmyofibers. Myotubes on the aligned matrices were highly organized and globally
aligned (Fig. 5A,B,D). In contrast, myotubes on non-aligned collagen were oriented in a wide
range of directions (Fig. 5C). In some areas myotubes showed local alignment, however, they
were not aligned globally. The effect of aligned collagen matrices on myotube orientation was
quantified by measuring the myotube orientation angle on each substrate. The observation
that myotubes were organized isotropically on random matrices was confirmed by the random
distribution of orientation angles in the corresponding histogram (Fig. 5E). In contrast, aligned
collagen matrices promoted skeletal muscle morphogenesis into parallel-oriented myotubes as
revealed by the corresponding histograms with a peak of angular distribution at 0° (Fig. 5F).
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Figure 5: C2C12 myotube orientation is influenced by aligned collagen matrices. Immunoflu-
orescence staining of skeletal MHC and nuclei was performed to visualize myotubes.
(A,B) Phase contrast and the corresponding fluorescent image of C2C12s on aligned
collagen after 7 days in culture. Arrows and dotted line mark direction and position of
aligned ECM, respectively. Scale bar 250 µm. Myotubes are randomly distributed on
(C) random matrices, whereas on (D) aligned collagen myotubes adopt highly ordered
structures. Scale bar 120 µm, inset 30 µm. (E,F) Cell orientation for cells cultured on
(E) non-aligned and (F) aligned collagen matrices (±s.d.; n = 4 replicates).
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4 Discussion
Several in vitro studies have demonstrated the importance of aligned topographical cues on cell
behavior, employing either aligned electrospun fibers [30, 31] or micro/nanogrooves/patterns
[21, 22, 32, 33, 34]. In particular, structures in the nanometer range are known to be crucial for
cell proliferation and migration, and act as potent effectors of differentiation [35]. Here we used
reconstituted, aligned collagen type I fibrils that resemble collagen fibrils in their native ECM
conformation, with diameters ranging from 20 nm to 70 nm and typical banding patterns of 67
nm [36] (Fig. 1). In an effort to go beyond single component ECM systems, we developed an
approach allowing rapid functionalization of reconstituted ECM structures. As a demonstration,
we locally immobilized heparin, an abundant GAG in ECM, onto aligned and non-aligned col-
lagen fibrils (Fig. 1C–F). This is especially relevant for future applications as heparin is known
to bind growth factors and mediate protein binding in vitro and in vivo [37]. Thus, our method
enables the study of multiple biochemical and physical cues in a single set-up and provides a
versatile cell culture platform that can be tailored as needed.
Because most tissues and organs are multiphasic in nature and contain multiple cell types,
one of our goals was to support multilineage cell types. MSCs differentiate into a variety of
connective tissue lineages, including bone, cartilage and adipose [13], making them promising
candidates for regenerative medicine. However, to fully exploit MSCs, our understanding of
how biochemical– biophysical (ECM) cues impact cell behavior must be increased. None of
the ECM substrates used here decreased cell viability within the study period, indicating that
our coatings are biocompatible and suitable for culturing primary stem cells. Moreover, the
MSCs reacted to the physical signals from the substrates as their cell morphology altered to
resemble the anisotropic topographies of the aligned ECM structures (Fig. 2). The aligned
structures promoted an elongated cell shape oriented in direction of the underlying collagen
or collagen/heparin fibrils, whereas cells were randomly distributed on non-aligned matrices.
MSCs can thus ‘sense’ the aligned topography of the ECM through contact guidance [6, 38].
Cell proliferation was not influenced.
As physical cues are known to play a role in MSC differentiation [22, 39, 40], we additionally
addressed the effect of aligned and nonaligned ECM structures on differentiation. We found that
aligned ECM structures dictate cell orientation and directly impact differentiation outcome. In
the case of osteogenesis, mineralization was highly organized and orchestrated by the underlying
ECM, which served as a nucleation network [41, 42]. This was clearly demonstrated by aligned
ECM structures that resulted in aligned mineralized nodules, indicating that cell-matrix interac-
tions are precisely controlled by the topographical features of the ECM substrate. Considering
the hierarchical structure of bone, i.e. ordered mineralization and oriented collagen type I fib-
rils, directed mineralization is an important prerequisite for mimicking in vivo bone formation.
Thus, our results are important for bone tissue engineering and emphasize that cells reciprocally
interact with surrounding ECM by adapting cell behavior and function to changes in ECM struc-
ture and topography [43]. The extent of osteogenic differentiation however was not significantly
affected by aligned and functionalized substrates (Fig. 3E). Considering that collagen type I
gels (2.4 mg/ml) are reported to accelerate mineralization in vitro [41], it is likely that a certain
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critical collagen amount is necessary to achieve this effect. We also found that under adipogenic
differentiation conditions MSCs developed into mature adipocytes. Although there are indica-
tions in the literature that heparin enhances adipogenesis [44, 45], no such effect was observed
in the present study. It is currently not clear if the presence of collagen is responsible for this
discrepancy. The standard in vitro pellet culture [46] for chondrogenic differentiation of MSCs
was not feasible in our system due to technical limitations. However, we did perform a 3-week
monolayer culture of MSCs in chondrogenic differentiation medium to examine the ability of the
substrates to support chondrogenesis. Stimulation of the cells increased sulfated GAG (sGAG)
content (Supplementary Fig. 2) on both non-aligned and aligned substrates. This increase in
sGAG content might be due to increasing proteoglycan synthesis, a marker of early chondroge-
nesis [47]. However, considering that cellular condensation is a prerequisite for chondrogenesis,
a monolayer culture has its obvious limitations [48].
Differentiation of human MSCs along the myogenic lineage has previously been controversial.
While it was reported that murine MSCs were successfully differentiated into skeletal myoblasts
and cardiomyocytes [49, 50], conflicting results have been published with respect to MSCs from
other species including human [51, 52]. We therefore chose the C2C12 model system to assess
the influence of topographical features on myoblast differentiation and myotube fusion. Only
recently have research efforts been made to engineer cardiac anisotropy [53] and C2C12 myoblasts
have been shown to align into parallel arrays that fuse to form oriented myotubes in response
to aligned topographies [35, 54]. We demonstrated that aligned collagen matrices give rise to
aligned and highly organized myotubes, choreographed by the underlying fibrillar structures.
These fibrillar structures closely mimic physiological conditions in skeletal muscle and thus
prove to be a suitable in vitro model system. Although we could not quantify the length of
the myotubes due to technical limitations, it appeared that longer myotubes formed on aligned
matrices than on randomly aligned ones. This observation is consistent with a recent study
reporting enhanced myotube length by an aligned poly(L-lactide) nanofiber scaffold [35].
5 Conclusions
We demonstrated that aligned ECM matrices generated by a novel technique using shear flow
deposition directed, supported, and maintained multilineage differentiation of mesenchymal stem
and progenitor cells. We showed that myotube assembly of C2C12s was profoundly influenced by
topographic features and that aligned collagen could enhance myotube organization and length.
Furthermore, aligned collagen culture substrates were found to orchestrate and direct ordered
matrix mineralization during osteogenesis of human MSCs. This work not only sheds light on
the regulation of mesenchymal stem and progenitor cell alignment and differentiation through
directional ECM structures, but also shows the versatility of our novel cell culture platforms
in which aligned ECM structures are readily functionalized. Importantly, our system has the
potential to guide morphogenesis of other tissue types with anisotropic structure, e.g., cardiac
muscle, blood vessel, tendon, and ligament. In such efforts, the immobilization of heparin could
provide a means for growth factor presentation.
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Abstract
The nanoscale spatial organization of collagen fibrils as major constituents of extracellular ma-
trices (ECM) is believed to be crucial for neurite guidance in neural development and repair.
To systematically study the influence of collagen fibril alignment, length and density on human
neuronal cell behavior, we used our novel technology to produce aligned collagen matrices by
shear flow deposition using a microfluidic channel system and applied these surfaces to functional
human neurons and glia derived from white matter neural stem cell (hNSC) cultures. Neurites
on aligned collagen were highly oriented in the direction of the underlying fibrils, while neurites
on non-aligned collagen or poly-D-lysine did not exhibit a preferred direction, forming instead
a web-like morphology. Although the best alignment of collagen fibres in our study was seen
using long fibrils at low density, the best neurite orientation was achieved on long fibrils at high
density. Neurite outgrowth was enhanced on aligned collagen compared to non-aligned collagen
or poly-D-lysine substrates, while neural differentiation and cell survival were not influenced
by the type of substrate. Our data show that size and density of aligned collagen fibrils are
crucial for axonal sprouting of human NSC-derived neurons. The flexibility of our technology,
allowing collagen matrix qualities to be adapted to the neuronal cell type of interest, is thus a
major advantage for therapeutic reconstruction of axonal pathways in the central or peripheral
nervous system.
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1 Introduction
Recovery of diseased nervous tissue has become a major goal for regenerative therapeutic ap-
proaches [1]. Neuronal repair is, however, severely hampered by inappropriate neurite outgrowth
and synaptic integration of regenerating or grafted neurons [2, 3]. Even though axonal injury
can be repaired by recovery of the injured nerve cells themselves, destruction of the myelin sheet
often leads to insufficient re-innervation of distal targets [3]. In the injured spine, a glial scar
is believed to be the major factor inhibiting targeted axonal re-growth, whereas in lesioned pe-
ripheral nerves the lack of suitable guidance material is responsible for the failure to reconnect
to the distal targets. The current gold standard for providing guidance cues in peripheral nerve
surgery is an autologuous nerve graft [3, 4]. Since this procedure is insufficient with respect to
nerve cell regeneration and results in the loss of sensory and/or motor function or pain in the
place of removal [3], there is an urgent need for bioartificial materials to improve nerve cell repair
in central and peripheral nervous tissue [3, 5]. These materials must serve three major functions:
(i) Provision of guidance cues, (ii) passivation of inhibitory signals, and (iii) prevention of glial
scar formation [3, 5]. Synthetic tubular nerve guides were designed to replace the need for nerve
autografts [6, 7]. Nerve guidance channels/tubes provide global direction to regenerating axons
and prevent their escape into neighbouring tissue, however, they do not ensure local direction of
axons and cells within the tube. Hence, so-called guidance channels or fibres aligned along the
longitudinal axis within the tube were introduced to improve axon regeneration [8]. In this con-
text, extracellular matrix (ECM) components are of great importance, mainly collagen, laminin,
and fibronectin, as well as matrix-bound trophic factors [9, 10]. Collagen type I is of special inter-
est since it has been shown to favor neuronal rather than glial cell growth [3, 5]. Transplantation
of a collagen matrix into the transected cortico-spinal tract of adult rats induced neuronal fiber
ingrowth while inhibiting invasion of reactive astrocytes or microglial cells, which are thought
to cause glial scar formation [11]. In a self-assembly process, the triple-helical collagen I forms
fibrils 20-70 nm in diameter that in turn associate into fibers and fiber bundles [12, 13]. In many
tissues collagen fibrils/fibers are organized in parallel arrays. In peripheral nerves, for instance,
the endoneurium surrounding the axons with Schwann cell sheets is predominately composed
of orientated collagen fibers [3]. Oriented collagen fibrils aligned within gels by magnetic fields
in vitro are known to increase neurite extensions in comparison to randomly oriented collagen
fibrils [8]. In addition, aligned electrospun fibres or grooves profoundly effect the direction and
guidance of cells and their processes [14, 15, 16, 17, 18]. It is now clear from a growing body of
evidence that neurite growth strongly depends on substrate topography, including dimension and
density of guidance cues [19, 20, 21]. Although it is straightforward to prepare randomly oriented
collagen networks in vitro, creating aligned structures is more challenging. Several groups have
introduced methods to align collagen matrices in vitro [22, 23, 24, 25, 26, 27, 28], however these
do not allow for systematic adjustment of fibril alignment, density and morphology. Therefore,
we have recently developed a new method using a microfluidic system to create well-aligned
“native” collagen fibril matrices of variable density and morphology [29]. To assess the potential
of these aligned collagen fibrils as bioartificial scaffolds for biomedical applications in humans,
we studied the behavior of primary human adult neuronal cells cultured on aligned collagen with
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differing fibril alignment, length and density. Since primary human neurons are not available for
obvious reasons, we used adult human neural stem cells (hNSCs) as a source for functional hu-
man neurons and glia. In detailed analyses of adult hNSCs from various brain regions including
subcortical white matter, it has recently been shown that these adult human NSCs behave very
similar compared to their murine counterparts both during expansion and differentiation, and
differentiate into functional nerve cells with similar neurite outgrowth [30, 31, 32, 33]. We show
that aligned collagen matrices with tunable structural characteristics have a great potential to
guide and enhance neurite outgrowth.
2 Materials and Methods
2.1 Cell culture
Adult human subcortical white matter tissue was obtained from routine epilepsy surgery (an-
terior temporal lobectomy or resection of focal cortical dysplasias; 6 samples; individuals 28-49
years old; 5 females and 1 male) following informed consent of the patients. All procedures were
in accordance with the Helsinki convention and approved by the Ethical Committee of the Dres-
den University of Technology (EK 47032006). Specimens were taken from the removed tissue
and stored in ice-cold Hank’s balanced salt solution (HBSS) supplemented with 11 mM glucose
and 1% penicillin/streptomycin while being transported from the operating theatre. All patients
underwent high-resolution magnetic resonance imaging to exclude tumors and were screened for
the presence of infectious disease. In all cases, tissue and neuropathological examination did
not reveal evidence of tumor formation. For expansion of neurospheres consisting of hNSCs,
white matter was isolated from tissue samples and then cut into small pieces with a scalpel,
incubated in 0.1% trypsin (Sigma Aldrich, St Louis, USA) for 30min at RT, incubated in DNase
(40 mg/ml; Sigma) for 10 min at 37°C and homogenized to a quasi single cell suspension by
gentle triturating [30, 31, 34]. The cells were added to 25 cm2 flasks (2×3 1066 viable cells
per flask) in knock-out DMEM (Gibco BRL, Life Technologies; Tulsa, OK), supplemented with
10% serum replacement (Gibco); 0.5 mM glutamine; 1% penicillin/streptomycin and 20 ng/ml
of both EGF and FGF- 2 (both from Sigma) at 5% CO2, 92% N2 and 3% O2 using an incu-
bator equipped with an O2- sensitive electrode system (Haereus, Germany). After 10-20 days,
neurosphere formation was observed and these spheres were expanded for additional 5-8 weeks
(in total 7 to 12 weeks) before differentiation was initiated. The medium was changed once a
week and the growth factors were added twice a week.
2.2 Differentiation conditions
Induction of neural differentiation was initiated by plating the cells on poly-D-lysine (PDL)
(5mg/100ml aqua dest.; Sigma) coated glass cover-slips in knock-out-DMEM, 10% serum replace-
ment, 0.5 mM glutamine, 1% penicillin/streptomycin, 10 ng/ml rh-BDNF (Promega, Madison,
WI) and 100 mM di-butyryl-(db) cAMP (from Sigma). Three days later, 5% fetal calf serum
(Gibco) was added. Cells were differentiated for 7 days. Identical conditions were used to plate
3
cells on the various collagen matrices.
2.3 Preparation of glass substrates
For experiments with glass substrates coated with PDL and poly(octadecene-alt-maleic acid)
(POMA; from Polysciences, Warrington, PA), freshly cleaned 22×22 mm glass cover-slips (Men-
zel Gläser, Braunschweig, Germany) were oxidized in a 1:1 mixture of aqueous ammonia solution
(Acros Organics, Geel, Belgium) and hydrogen peroxide (Merck). PDL solution was pipetted
onto the glass substrate, kept at room temperature for 30 min, and rinsed with PBS. For POMA
coating, cover-slips were functionalized by a reaction with 3-aminopropyl-dimethylethoxy-silane
(ABCR, Karlsruhe, Germany). POMA was dissolved in tetrahydrofuran (THF, Fluka, Deisen-
hofen, Germany) in a concentration of 0.08 wt% and spin coated (RC 5 Suess Microtec, Garching,
Germany) onto the amine-modified cover-slips at 4000 rpm for 30 s. Stable covalent binding of
the polymer films was achieved by annealing at 120 °C to form imide bonds with the amino-silane
on the glass substrate.
2.4 Microfluidic system and flow conditions
Aligned collagen matrices were prepared by a novel approach using a microfluidic set-up [for
further information about the microfluidic system, please refer to [29, 35]. The flow conditions
were performed under conditions of laminar flow. In all experiments, the Reynolds number (as
a criterion for laminar flow) was smaller than 1 and a flow rate of 11 ml/min corresponding to a
wall shear rate of 203.1 s-1 was applied.
2.5 Collagen solution
Bovine dermal collagen I solution (purified and pepsin-solubilized in 0.012 N HCl, PureCol,
Inamed, Milmont Drive, USA) was brought to physiological pH by mixing eight parts of acidic
collagen solution (3.0 mg/ml) with one part of 10-fold concentrated phosphate buffered saline
(PBS, Sigma, Steinheim, Germany) and one part 0.1 M NaOH. All components were kept in an
ice bath before and after mixing. Appropriate volumes of chilled 1×PBS were added to adjust
the final concentration of the collagen solution.
2.6 Non-aligned collagen matrices
POMA-coated glass slides were coated by contacting the substrates to the collagen solution then
subsequently raising the temperature [36]. To precisely apply collagen coating in designated
areas, a silicone-based culture insert (Ibidi GmbH, Martinsried, Germany) consisting of two
wells was placed onto a POMA-coated glass slide. A 100 ml drop of chilled non-fibrillar collagen
solution (0.4 mg/ml) was pipetted into each well and kept in a CO2-free incubator at 37 °C to
initiate fibril formation. After 90 min the resulting fibrillar collagen gel and the culture inset was
removed from the surface, leaving two 0.22 cm2 rectangular areas covered with a thin collagen
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layer on the substrate. The modified surface was rinsed with PBS at least three times and
subsequently with Milli-Q water (Millipore Corporation, Molsheim, France).
2.7 Aligned collagen matrices
To produce collagen matrices containing long fibrils at a low density, a low concentration collagen
solution (3mg/ml) was used as described previously [29]. Briefly, collagen solution (0.8 mg/ml)
was prepared at 4°C in a centrifuge tube (Roth, Karlsruhe, Germany), placed in a CO2-free
incubator (Sanyo, Bensenville, USA) at 37°C, and allowed to form fibrils for 24 h. The resulting
gel was homogenized for 4 min (T-8 Ultra Turrax) and centrifuged (Heraeus) at 1000×g for 6
min. The supernatant (2 ml, 3mg/ml) was drawn into a syringe that was subsequently installed
into the syringe pump. The solution was then pumped for 1 h with a flow rate of 11 ml/min
through the microfluidic channel. Afterwards the channel was rinsed with PBS for 20 min to
flush away loose fibrils and the coated cover-slip was removed from the PDMS channel plate and
kept in PBS for cell culture. Aligned collagen matrices containing short fibrils at low density
were prepared with a solution concentration of 0.2 mg/ml [29]. Briefly, the microfluidic system
was placed in a CO2-free incubator (Sanyo, Bensenville, USA) at 37°C. The collagen solution
was prepared at 4°C and drawn into a chilled syringe (Roth, Karlsruhe, Germany), which was
quickly installed into the syringe pump to avoid early fibrillogenesis. The streaming process was
started immediately by pumping the chilled collagen solution from the cooled storage reservoir
through heated tubing followed by streaming through the microfluidic channel for 1 h. The
sample was then rinsed with PBS as described above. Aligned collagen matrices containing
long fibrils at high density were prepared according to the same protocol for collagen matrices
containing short fibrils at a low density using a solution concentration of 0.8mg/ml. Samples
were sterilized under UV light for 5 min.
2.8 Confocal reflection microscopy (CRM)
Confocal reflection microscopy (TCS SP, Leica, Bensheim, Germany) was performed at a wave-
length of 488 nm (Ar laser) to visualize unstained collagen fibrils as described elsewhere [37].
CRM pictures of fibril matrices were obtained using a 40× oil immersion objective.
2.9 Atomic force microscopy (AFM)
Surface topography of air-dried collagen matrices was investigated via intermittent contact scan-
ning force microscopy with a PicoSPM (Molecular Imaging, Phoenix, AZ, United States) using
silicon cantilevers (Tap300, BudgetSensors, Bulgaria) with a 300±100 kHz resonant frequency,
40 N/m force constant and tip radius< 10 nm.
2.10 Scanning electron microscopy (SEM)
Samples for SEM analysis were fixed with 2% glutaraldehyde, dehydrated and critical point
dried (CPD 030, Baltec, Schalksmühle, Germany). The samples were gold coated with a sputter
5
coater (SCD 050, Baltec, Schalksmühle, Germany) to allow sample analysis under high vacuum
in an SEM (XL 30 ESEM FEG, FEI-Phillips, Eindhoven, Netherlands) equipped with an SE
detector, and operating at 7.5–10 kV, Spot Size 3. Micrographs of hNSCs on the area covered
with aligned collagen fibrils or the corresponding area (5 mm×1 mm) on the controls were taken.
For each condition (long or short fibrils at high or low density) three independent donors were
analysed.
2.11 Image analysis to quantify collagen fibril alignment
Quantification of fibril alignment was performed as described previously [29]. Briefly, CRM
images of three samples containing two channels with collagen fibrils were analyzed for each
condition and quantified using the NIH ImageJ 1.37v software. One sample contained a minimum
of 200 collagen fibrils. A threshold value of the reflection intensity was defined to isolate fibrils
from background. By fitting an ellipse to the major axis of each collagen fibril, the angle
of the fibrils to the flow direction was determined. The orientation of fibrils parallel to the
alignment direction corresponded to an angle of 0°. The angular distribution of collagen fibrils
was determined based on the relative frequency of orientation angles (classified into bins of
10°angles) and by a fit to a Gaussian the full width at half maximum (FWHM).
2.12 Image analysis to quantify hNSC extension alignment and length
SEM images were analysed to quantify the extent of alignment and length of cell extensions.
Software and quantification of extension alignment was performed as described for quantification
of collagen fibril alignment. The angular distribution of extensions was determined based on
the relative frequency of extension angles (classified into bins of 10° angles) of three donors.
Only cells/extensions on the area covered with aligned collagen fibrils or the corresponding area
(5 mm×1 mm) on the controls were measured. The length of each extension extending from
neurospheres was measured using NIH ImageJ 1.37v (plugin NeuronJ) software. Each extension
was measured from its origin at the edge of the neurosphere to its end. Changes in direction
along its course were taken into account by tracing along the entire length of each extension.
Extensions which were solitary and clearly isolated were measured only to exclude the possibility
of mix-up with other extensions.
2.13 Immunocytochemistry
Cell cultures were fixed with Accustain (Sigma). Immunocytochemistry was carried out using
standard protocols described previously [30, 38]. Cell nuclei were counter stained with 4,6-
diamidino-2-phenylindole (DAPI). The following primary antibodies were used: Mouse anti-
GalC 1:750 (Chemicon International, Temecula, USA), rabbit anti-Tuj1 1:2000, mouse anti-Tuj1
1:500 (both from Covance, Richmond, CA), chicken anti-GFAP 1:1000 (Abcam, Cambridge,
UK), rabbit anti-activated caspase3 1mg/ml (BD Pharmingen, San Diego, CA), and secondary
antibodies conjugated to Alexa 488, 568 or 647 1:500 (all from Invitrogen-Molecular Probes,
Carlsbad, California). Images were captured using a fluorescence microscope (Leica DM IRE2,
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Wetzlar, Germany). Living cells were marked for analysis using fluorescein diacetate (FDA)
while dead cells were stained with propidiumiodid (PI; Sigma Aldrich). A solution of 100 mg/ml
FDA was prepared by dissolving in acetone. A working stock solution containing 100 ng/ml
of FDA was prepared in PBS that was added directly to the cell cultures (i.e. no change of
culture medium) at a 1:1 volume ratio and PI was added at a concentration of 1:50 (1mg/ml).
Samples were incubated for ˜ 5 min and visualised using epi-fluorescent microscopy (Leica DM
IRE2, Leica Microsystems, Wetzlar, Germany) with excitation filters at 490/20 nm and emission
at 527/30 nm for fluorescein. Since neither PI staining nor activated caspase3 staining worked
on the hNSCs on the substrates, dead cells were quantified by counting condensed DNA using
DAPI staining correlated to all nuclei.
2.14 Cell counting and statistics
To quantify the percentage of cells producing a given marker in a given experiment, the num-
ber of positive cells on the coated well surface was determined relative to the total number
of DAPI-labeled nuclei. In a typical experiment, a total of 500-1000 cells were counted per
marker. Statistical comparisons were made by ANOVA with post-hoc t-test and Bonferroni
adjustment or Dunnett‘s t-test as appropriate. All data are presented as mean values ± s.e.m.
All quantifications were done by an independent blinded investigator.
3 Results
3.1 Alignment of collagen fibrils
As part of neuronal tissue regeneration in both central and peripheral nervous tissue, targeted
axo-dendritic outgrowth is a major challenge for reconstructing neuronal tracts and circuitries.
We thus tested the ability of aligned collagen fibrils, generated using a microfluidic system
[29], to guide neurites during the differentiation process of adult white matter hNSCs (see Fig.
1 for schematic representation of the technology). Collagen fibrils were deposited on planar
POMA-coated substrates from collagen solutions streaming through a microfluidic channel. By
varying collagen solution concentrations and gelation times, fibril length and density were tuned
and varied. In brief, lower concentrations generated shorter fibrils at lower density; higher
concentrations resulted in aligned matrices containing long fibrils at high density. AFM was
used to observe the resultant aligned collagen matrices: Long fibrils at high density (Figs. 1A),
long fibrils at low density (Fig. 1B) and short collagen fibrils at low density (Fig. 1C).
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Figure 1: Scheme of the approach to prepare collagen type I fibril matrices that are adjustable in
orientation, density and morphology by varying collagen solution concentration, gelling
time, shear rate, and substrate. AFM images show the resultant aligned collagen
matrices with long fibrils at high density (A), long fibrils at low density (B), and short
fibrils at low density (C). Scale bar, 2 µm.
3.2 Influence of aligned collagen with varying structural characteristics on
extension alignment
To investigate the significance of the newly developed alignment approach for biomedical appli-
cation, we attempted to prove its potential in a human nerve cell system. Since human neurons
are not routinely available without harming the patient or the cells themselves, we used neu-
rons differentiated from adult human NSCs. Adult hNSCs were isolated from cortical white
matter tissue obtained from neurosurgery interventions as recently described [30, 32]. Triple
immunofluorescence staining of neuroectodermal markers confirmed typical trilineage neuroecto-
dermal differentiation capacity of the adult hNSCs with 30±5% Tuj1+ neurons, 10±4% GFAP+
astrocytes and 4±2% GalC+ oligodendrocytes after 7 days of differentiation on the standard
differentiation surface PDL (data from three independent experiments from 3 different donors).
Adult hNSCs are thus a valuable human cell model for investigating axodendritic outgrowth of
human Tuj1+ neurons. We used cells from at least three different donors for all further exper-
iments. To assess the effect of aligned collagen matrices with varying structural properties on
neurite outgrowth and extension alignment (Fig. 1), hNSCs were differentiated for seven days
on rectangular areas (1 mm× 6.5 mm) with aligned collagen fibrils (long fibrils at high density,
Fig. 2A; long fibrils at low density Fig. 2B; short fibrils at low density, Fig. 2C) deposited
on a POMA-coated glass surface. Non-aligned collagen resulting from static fibril formation
and immobilisation on a POMA-coated surface served as the control surface (Fig. 2D). SEM
and immunocytochemistry were used to analyze hNSC morphology. Fibril and cell alignment
was quantified by determining the angular distribution of collagen fibrils and cell extensions.
Based on this analysis, the orientation angle distribution was plotted as a histogram and the
corresponding FWHM was determined by a Gaussian fit (see also (29)). Fibril alignment was
highest on matrices containing long fibrils at low density (FWHM 18±1°; Fig. 2B,F), followed
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by long fibrils at high density (FWHM 30±3°; Figs. 2A,E) and short fibrils at low density
(FWHM 41±5°; Figs. 2C,G). Non-aligned collagen showed random distribution of fibre angles
(Figs. 2D,H). On all substrates, differentiated hNSCs displayed typical unipolar, bipolar, and
multipolar neuronal morphologies with axo-dendritic outgrowth (Fig. 2I-L). We measured the
orientation of at minimum 166 extensions per independent experiment. On substrates contain-
ing aligned fibrils (Figs. 2I-K), aligned extension outgrowth in the direction of the underlying
collagen fibrils was observed, whereas extensions on non-aligned collagen exhibited no preferred
orientation (Fig. 2L). In contrast to fibril alignment degree, extension alignment was highest on
long collagen fibrils at high density (FWHM 38±3°; Figs. 2I,M), then successively decreased on
long fibrils at low density (FWHM 50±19°; Figs. 2J,N) and short fibrils at low density (FWHM
53±11°; Figs. 2K,O). No preferred extension alignment direction was observed on non-aligned
collagen (Figs. 2L,P). These findings emphasize the importance of both fibril alignment and fib-
ril density for the orientation of axo-dendritic outgrowth of neurons derived from hNSCs. hNSC
differentiation was confirmed using immunofluorescence staining for the neuronal marker Tuj1,
and the astroglial marker GFAP. On all substrates, hNSCs acquired morphologic and phenotypic
characteristics of Tuj1+ neurons and GFAP+ astrocytes (Figs. 2Q-T).
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Figure 2: Influence of fibril alignment, length and density on extension alignment of adult white
matter-derived hNSCs. (A-D) CRM images of aligned collagen matrices with long
fibrils at high density (A), long fibrils at low density (B), short fibrils at low density (C),
and randomly oriented fibrils (D). Scale bar, 10 µm. (E-H) Histograms representing
the relative frequency of fibril orientation angles with respect to the horizontal axis
corresponding to the images shown in A-D. (IL) SEM images of hNSCs grown for seven
days on matrices of identical alignment and morphology as depicted in A-D. Scale bar,
100 µm. (M-P) Histograms representing the relative frequency of extension orientation
angles with respect to the horizontal axis corresponding to the images shown in I-L. (Q-
T) Microphotographs of immunofluorescence staining of differentiated hNSCs showing
Tuj1+ neurons (green) and GFAP+ astrocytes (blue) grown for seven days on matrices
of identical alignment and morphology as depicted in A-D. Scale bar 100 µm.
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3.3 Directional outgrowth of hNSC extensions on aligned collagen matrices
Quantification of cell alignment revealed the highest extension alignment occurs on matrices
containing long collagen fibrils at high density. More detailed SEM studies were performed on
these substrates to investigate extension morphology and cell-matrix interactions. Extensions
on aligned collagen matrices containing long fibrils at high density were highly oriented and
extension alignment was consistent along the whole width and length of the collagen-coated
area (Figs. 3A-C,E, dotted lines mark the collagen matrix border). In contrast, on the adjacent
POMA-coated glass surface, extensions showed no preferred direction of orientation, emanating
in radial fashion (Figs. 3A,D). Some neurospheres adhered at the boarder of the aligned collagen
layer, extending processes on both the collagen surface and the adjacent POMA-coated glass.
While extensions in contact with the POMA surface grew without any bias in alignment, those
on the side with aligned collagen followed the direction of the underlying fibrils (Fig. 3E). Once
in contact with the fibrils, the processes extended parallel to the fibrils, always in the direction
of the aligned collagen (Fig. 3F including inset). Immunocytochemistry staining demonstrated
that the alignment cues from collagen fibrils acted almost exclusively on Tuj1+ neurites, while
GFAP+ astroglial extensions were rather uninfluenced by collagen fibril alignment (Figs. 3G-J).
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Figure 3: Aligned collagen fibrils guide and direct extensions of adult white matter-derived hN-
SCs. (A) SEM image displays differentiated hNSCs adhering on top of aligned collagen
fibrils (long fibrils at high density) and the surrounding POMA surface (dotted lines
mark the boarder between the aligned collagen matrix areas and POMA-coated areas;
double-headed arrows show collagen fibril orientation) after 7 days in culture. Dif-
ferentiated hNSCs adopt characteristics of glial and neuronal cells with axo-dendritic
outgrowth. (B) AFM micrograph of aligned collagen with long fibrils at high den-
sity. (C-F) Higher magnification SEM microphotographs of hNSCs growing on aligned
collagen fibrils (C,F), POMA-coated surface (D), or on both surfaces (E) show that
extension outgrowth was highly aligned and guided by the underlying collagen fibrils.
On the adjacent POMA surface, extensions grew in radial fashion without a preferred
direction of alignment. (F) High-resolution image of single extensions demonstrating
that neurites in contact with single collagen fibrils extended their processes parallel to
the fibrils (inset). (G-J) Immunocytochemistry staining of Tuj1, a neuronal marker,
and GFAP, an astroglial marker, of differentiated hNSCs on aligned collagen fibrils
(G-I) and on POMA-coated surfaces (J). The staining clearly shows orientation along
the collagen fibrils for most Tuj1+ neurites (arrowheads), but no significant orienta-
tion of GFAP+ glial cell processes (arrows). On POMA, no oriented extension growth
could be observed. Note the GFAP+ flat cells on POMA-coated surfaces representing
astroglial cells (A,D,J). Scale bars, 200 µm (A,G), 80 µm (C-E), 50 µm (F), and 100
µm (H-J).
3.4 Influence of collagen fibril alignment on hNSC behaviour
To further characterize the synergistic influence of topographical and biochemical cues from
aligned collagen on hNSC behavior, we compared neuroectodermal differentiation on substrates
with the highest cell alignment (long fibrils at high density) to non-aligned collagen and the
standard differentiation surface PDL: Trilineage neural differentiation capacity was equivalent
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on non-aligned collagen and aligned collagen (long fibrils at high density), and no significant
differences were observed compared to PDL (p=0.068, F-value: 4.06 for Tuj1+ cells, p=0.90, F-
value: 0.11 for GFAP+ cells, p=0.37, F-value: 1.15 for GalC+ cells; ANOVA; n=3; Figs. 4A,C).
Interestingly, on POMA-coated surfaces, we found additional flat GFAP+ astrocytes that were
not detectable by immunocytochemistry on PDL, non-aligned or aligned collagen fibrils (Figs.
2,3). The influence of aligned structures on cell survival was quantified by counting condensed
and inhomogeneous DNA using DAPI staining correlated to all nuclei. There were no differences
in cell survival, with 5±2%, 5±2% and 6±1% pycnotic cell nuclei on PDL, non-aligned and
aligned collagen fibrils, respectively (p=0.85, F-value: 0.17; ANOVA; n=3; Figs. 4B,D). Thus
both hNSC differentiation and survival showed no difference with respect to the growth surface.
This contrasts to the highly specific influence of aligned collagen type I on the direction of neurite
outgrowth. To determine the effect of fibril alignment on neurite outgrowth, extension length was
quantified in SEM microphotographs by measuring each extension along its entire length from
the neurosphere to its end. We measured 109 to 422 extensions per independent experiment.
hNSC extension length significantly varied between seeding surfaces (p=0.0014, F-value: 17.01;
ANOVA; n=3 independent experiments; Figs. 2,4E). Extensions on aligned collagen fibrils (long
fibrils at high density) were significantly longer (145±8 mm) compared to those on PDL (86±8
mm; p=0.0003; post-hoc t-test), POMA (88±4 mm; p=0.0008; post-hoc t-test) and non-aligned
collagen (111±3 mm; p=0.0073; post-hoc t-test). On non-aligned collagen, extension outgrowth
was significantly higher compared to PDL surfaces (p=0.029). No significant differences were
observed between PDL and POMA substrates.
4 Discussion
Biomaterials are especially relevant for biomedical approaches that aid nervous system regener-
ation. Current interventions are hindered by insufficient or undirected axo-dendritic outgrowth,
which leads to a lack of synaptic integration into the host brain circuitries [3, 5]. As we de-
scribe here, guidance cues provided by biomaterials may prove essential in repair of central and
peripheral nervous system disease/damage. Even though axonal recovery after transection is
occasionally observed, this is often hampered by the lack of guidance materials, leading to glial
scar formation with subsequent loss of function [3]. As an example, in spinal cord regeneration,
the major obstacles to overcome, beyond simply guiding axons in the right direction, are the
local inhibitory molecules (e.g. Nogo) and glial scar formation resulting from invasion of reactive
astrocytes or microglial cells [3, 5]. Peripheral nerve regeneration pathophysiologically differs
from the recovery of central neurons, depending mostly on sufficient guidance cues to direct ax-
onal re-growth to its target. We demonstrate for the first time that neurite outgrowth of adult
human nerve cells, derived from white-matter neural stem cells (hNSCs) [3, 30, 31, 32], can be
directed by aligned collagen matrices of particular fibril length and density without affecting cell
fate decisions or survival. The exact interplay of collagen fibril alignment, density and length
was found to be crucial, thus proving the importance of our recently developed shear flow depo-
sition method to produce aligned collagen matrices of varying structural properties [29]. There
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Figure 4: Influence of aligned collagen matrices on hNSC differentiation and survival. (A,C)
Representative microphotographs of quadruple immunofluorescence stainings of dif-
ferentiated hNSCs showing Tuj1+ neurons, GFAP+ astrocytes and GalC+ oligoden-
drocytes on PDL, on nonaligned and on aligned collagen type I (long fibrils at high
density). Cells were allowed to differentiate for seven days. Note that Tuj1+ neurite
outgrowth appeared completely randomly and radially on PDL and non-aligned col-
lagen. Nuclei were counter-stained with DAPI. Scale bar, 100 µm. (C) Quantitative
measurement of cell fate decision of hNSCs on PDL, non-aligned and aligned (long
fibrils at high density) collagen type I by using quadruple immunofluorescence stain-
ings of Tuj1, GFAP and GalC in differentiated hNSCs. Nuclei were counter-stained
with DAPI. (B,D) Cell survival of hNSCs measured by counting condensed nuclei in
DAPI stainings was unaffected by different substrates (PDL, non-aligned and aligned
(long fibrils at high density) collagen type I) after 7 days of differentiation. Higher size
images are shown in inserts. Arrowheads indicate fragmented cell nuclei using DAPI
staining. Scale bars, 200 µm and 25 µm (insets). Statistical analyses using ANOVA
revealed no significant difference in cell types with respect to seeding surfaces. (Data
presented are means ± s.e.m. of at least three independent experiments from 3 donors).
(E) Extension length of differentiated hNSCs was measured after seven days of culture
on PDL, POMA, non-aligned and aligned collagen using SEM pictures and NeuronJ
software. Mean values ± s.e.m. of three independent are shown. * represents p<0.05
and *** represents p<0.001 compared to PDL, ### represents p<0.001 compared to
POMA, ++ indicates p<0.01 compared to non-aligned collagen fibrils (post-hoc t-test
with Bonferroni adjustment).
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is a general consensus that longitudinally aligned structures improve nerve regeneration and
directed neuronal outgrowth [3]. Growth cones at neurite tips respond to aligned structures via
contact guidance, resulting in axially directed neurite projections and thus improved structural
alignment [39, 40, 41]. Our aligned matrices indeed served as guidance cues to direct neurite
outgrowth of human NSCs along aligned collagen fibrils (Fig. 2,3). This was especially true for
matrices containing long fibrils at a high density (Fig. 2I,M). Although the best alignment of
collagen fibres was seen using long fibrils at low density (Figs. 2A-H), the best neurite orienta-
tion was achieved on long fibrils at high density (Figs. 2I-P). It is likely that the close proximity
of adjacent fibrils prevents neurites from migrating in all directions when reaching the end of a
fibril. Thus, not only the alignment, but the interplay of aligned collagen fibrils of the right size
together with the right density is crucial for axonal sprouting of human NSC-derived neuronal
extensions. It has been demonstrated in several studies that dimension and size of substrate
topography strongly influence neurite guidance and growth. Furthermore, there is substantial
evidence from studies on planar substrates using patterned surface chemistry and topography
to suggest that feature sizes in the sub-micron range in particular affect cell behaviour. Neurite
lengths of C17.2 neural stem cells on nanofibers (700 nm) were significantly higher than on
aligned microfibers (3.5 mm) [18]. However, in contrast, it has been reported that neurites ex-
tending from chick cerebral neurons do not follow grooves of 130 nm width [42]. Xenopus laevis
neurites grew parallel to grooves of 14 nm depth and 1 mm width, but hippocampal neurons grew
perpendicular [43]. These examples emphasize the importance of nanoscale topography for guid-
ance of neurites, but substrate topography has to be tuned depending on the cell type as well the
species of origin. This might be due to individual growth cone characteristics that impact the
remarkable abilities to detect directional cues [44]. These data clearly demonstrate that every
bioartificial material applied in human medicine has to be tested in human-derived cell or tissue
systems. The second major effect of collagen alignment was enhanced neurite outgrowth, with
longer neurites compared to non-aligned collagen or PDL substrates (Fig. 4E). Increased mean
extension length on aligned substrates has also been observed for neurites from rat and chick
dorsal root ganglia on aligned electrospun nanofibers [14, 17]. Non-oriented surfaces obviously
slow down neurite growth, likely due to time spent deciding which path/cue to take [14, 15].
Thus, topographical cues seem to influence axon outgrowth, but additional biochemical cues,
here collagen type I, might also affect the speed of axonal outgrowth. In recent studies, the in-
corporation of porous collagen beads in multi-channel nerve guides enhanced neurite outgrowth
and two-dimensional surfaces of collagen type I improved Schwann cell attachment and adhesion
[45, 46]. It has also been shown that functionalization of aligned electrospun polycaprolyctone
fiber surfaces with collagen type I increases cell adherence, proliferation and process extension
[47, 48, 49]. Together, these results suggest that synergistic effects of anisotropic distribution
of biochemical and topographical/physical cues enable faster nerve regeneration by exploiting
the differential response of growth cones to changes in structural and biochemical features [50].
Interestingly, hNSC differentiation was not affected by aligned or non-aligned collagen (Fig.
4A,C). It has been reported that neuronal differentiation of adult rat hippocampal progenitor
cells co-cultured with astrocytes is enhanced on aligned polystyrene microgrooves compared to
substrates without a pattern. However, their differentiation is not affected when cultured on
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aligned or non-aligned substrates without astrocytes [16]. Neuronal differentiation of C17.2
neural stem cells occurs faster on aligned/non-aligned electrospun nanofibers (300 nm) than
on aligned/non-aligned microfibers (1.5 mm). Fiber alignment however does not seem to influ-
ence differentiation ([18]. Even though collagen was shown to inhibit glial cell invasion [11],
non-aligned and aligned collagen did not favour neuronal differentiation in our study. Collagen
matrices have another major advantage for the use in neural repair: They allow axonal growth,
but inhibit glial cell invasion, thereby abolishing glial scar formation [11]. Consistently, our
immunocytochemistry data showed that collagen fibrils do not change glial cell differentiation
of hNSCs (Fig. 4A,C). Finally, the immunocytochemistry studies proved that the guidance cues
of the aligned collagen mostly influence the orientation of neurites rather than glial processes
(Figs. 2,3). The fibrils in the aligned collagen matrices we used closely resemble those found
in nerve ECM structures. For example, the 20-100 nm in diameter fibrils in our matrices are
comparable to the 30-110 nm in diameter oriented collagen fibers found in the endoneurium that
surrounds axons and thereby guides neurite migration [51, 52, 3].
5 Conclusions
Together our results demonstrate that – by mimicking the size and fashion of endoneurium
collagen alignment – the optimal orientation, density and length of collagen fibrils is effective
in guiding and promoting human NSC-derived neuronal extensions without hampering cell be-
haviour and survival. The flexibility of our method to adapt collagen matrices to the nerve
type of interest is considered a major prerequisite to mediate these effects. Although the data
presented only show the in vitro application of aligned collagen matrices, all data were obtained
using adult human neurons, providing a proof-of-principle for induction of adult human neurite
outgrowth by engineered ECM. Adult nerve cells were chosen rather than fetal or embryonic
stem cell-derived neurons to avoid problems posed by the high developmental potential of the
fetal/embryonic cells. The use of adult human dorsal root ganglion and/or spinal cord neu-
rons would be highly intriguing in our system; however these cells are unattainable for obvious
reasons. Future attempts are warranted to develop three-dimensional scaffolds to apply these
aligned collagen matrices in vivo to reconstruct axonal pathways in the central or peripheral
nervous system.
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Appendix D
Cellulose hollow fiber membranes containing longitudinally aligned
collagen for nervous tissue guidance
1 Introduction
Regeneration of nervous tissue is complicated due to the lack of guidance materials to reconnect
nerves to the distal targets and inhibitory effects (inflammatory processes/scar formation) im-
peding targeted cellular re-growth. Regeneration of spinal cord injury is even more complicated
and up to now there is no treatment available to restore nerve function [1] Thus, recent bioengi-
neering efforts focus on developing bridging materials and creating permissive environments to
support and improve tissue regeneration. It is commonly accepted that physical guidance is an
essential element and vital component for regeneration of nerve injury. In the last years tubular
scaffolds, the so-called guidance conduits, have been used to bridge gaps at lesion sites and to
physically guide tissue repair [1]. These guidance conduits provide global direction to regenerat-
ing axons and prevent their escape into neighbouring tissue. However, they do not ensure local
direction of axons and cells within the tube. Hence, guidance channels or fibres frequently from
synthetic materials have been incorporated that are aligned along the longitudinal axis within
the tube to improve tissue regeneration [2]. However, recent research has demonstrated that
physical guidance as well as biochemical signals are critical for nerve regeneration [3].
Thus, recent advanced approaches aimed at the incorporation of multiple cues in form of longi-
tudinally aligned fibers and biochemical factors that promote regeneration. For example, tubes
containing aligned electrospun fibers that encapsulate human glial cell-derived neurotrophic fac-
tor have been fabricated [4]. Alternatively, aligned ECM components have been inserted inside
tubular scaffolds such as poly(glycolic acid)-collagen conduits filled with collagen fibers (diam-
eter 50µm) [5] or silicone tubes filled with a magnetically aligned collagen gel (thickness 4mm)
[6] to enhance nerve regeneration. However, recent studies emphasized the need to control nan-
otopographies for optimal nerve repair. Hence combining nanoscale features and the integration
of ECM molecules into the conduit design is likely to prove most rewarding.
Here, we introduce a new method to fabricate guidance conduits containing longitudinally
aligned collagen fibrils using our recently published shear-flow technique [7]. Cellulose is a widely
used biomaterial that has been employed as membrane for hemodialysis, cellulose sponges for
cartilage tissue engineering, and temporal skin replacement applications [8]. It was the material
of choice for our conduits due to its desirable properties including biocompatibility, sterilizability
and their unique mechanical characteristics showing high resistance against mechanical stress
allowing for an advanced processing into tubular structures. We used commercially available
hollow fiber membranes allowing for nutrient supply /removal of metabolites via the wall of
the tubular structure. The interior sides of the membrane tubes were chemically modified to
enable covalent attachment of aligned collagen fibrils (for details see methods section). Fur-
ther, our aligned scaffold was extended to provide also biochemical signals to the incorporated
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cells. Therefore we incorporated the highly negative charged glycosaminoglycan heparin [9] well
known for its ability to reversible bind and release various growth factors (e.g FGF-2, VEGF).
Axolotl tail spinal cord derived neurospheres were cultured inside these tubes in order to verify
the applicability of these new conduits to support spinal cord regeneration.
2 Materials and Methods
2.1 Streaming setup
In order to enable a leakage-free and continuous streaming process, cellulose hollow fiber mem-
branes were embedded inside transparent polytetrafluorethylen (PTFE) tubings (Figure 1).
Briefly, a dry cellulose hollow fiber membrane (Membrana GmbH, Wuppertal) (length 12 cm;
inner diameter 200 µm) was carefully drawn through PTFE tubing (length 8 cm; inner diameter
750 µm) to protrude 2 cm on both sides. For sealing, liquid PDMS was applied to the open
spaces between PTFE tube and cellulose capillary at both ends and dried at 120°C for 20 min.
Afterwards, the ends were cut with a scalpel to achieve an even cut surface with an embedded
open capillary. The PTFE tube with the embedded capillary was then connected to a syringe
installed via luer-lock fittings (Nordantec) and installed on a syringe pump (KDS, Holliston,
USA) to enable a continuous and controlled streaming process.
Figure 1: Procedure to embed cellulose hollow fiber membranes in a PTFE tube to enable a
controlled and continuous streaming process.
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2.2 Flow conditions
Experiments were performed under conditions of laminar flow. In all experiments the Reynolds
number (as a criterion for laminar flow) was smaller than 1 and a flow rate of 4 µl/min corre-
sponding to a wall shear rate of 85 s−1 was applied.
2.3 Activation of cellulose
To introduce functional groups cellulose was partially oxidized with 2,2,6,6-tetramethylpiperidine-
1-oxyl radical (TEMPO) leading to the preferential conversion of the C6-atom of the anhy-
droglucose unit (AGU) into carboxylic acid groups [10]. The latter will be activated using
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysulfosuccinimide (Sulfo
NHS) to enable the reaction with amino groups of the collagen molecule (lysin side chains) to
form amide bonds. For cellulose oxidation the hollow membranes were filled with water (100
mL) containing TEMPO (0.016 g, 0.1 mmol), sodium bromide (0.1 g, 1 mmol) and NaClO solu-
tion (2.5 mmol, 0.19g) for 30 min. The pH was maintained at pH = 10 by adding 0.5 M NaOH
controlled by a pH-meter until no NaOH consumption was observed. The sodium carboxylate
groups in the TEMPO-oxidized celluloses were subsequently converted to free carboxyl ones by
ion-exchange treatment. Therefore the hollow fiber membranes were rinsed with buffer (1/15
M phosphate buffer, pH 5, potassium dihydrogen phosphate, monosodium phosphate) followed
by the injection of the activation solution (50mM EDC, 25 mM Sulfo NHS dissolved in buffer
(1/15 M phosphate buffer, pH 5, potassium dihydrogen phosphate, monosodium phosphate)).
After activation for 45 min at 4°C the membranes were rinsed with PBS followed by immediate
streaming of the collagen solution for deposition of aligned fibrils.
2.4 Preparation of collagen solution
To prepare the collagen solution (1.6 mg/ml), bovine dermal collagen I (purified and pepsin-
solubilized in 0.012 N HCl, PureCol, Inamed, Milmont Drive, USA,) was brought to physiological
pH by mixing eight parts acidified collagen solution (3.0 mg/ml) with one part 10-fold concen-
trated phosphate buffered saline (PBS, Sigma, Steinheim, Germany) and one part 0.1 M NaOH.
To visualize collagen fibrils FITC-labelled collagen was added to yield a portion of 2.5% in
the collagen solution. All components were kept on ice before and after mixing. Appropriate
volumes of chilled 1x PBS were added to adjust the final concentration of the collagen solution.
2.5 Coating with collagen
Coating of the cellulose capillary with aligned collagen fibrils was performed by placing the
experimental setup into an oven at 37°C. The freshly prepared collagen solution was streamed
through the cellulose hollow fiber membranes at constant flow rate of 4 µl/min for 45 min.
In a subsequent washing step with PBS (5 min, same flow rate) unbound collagen fibrils were
flushed away. Functionalized matrices with heparin were produced by subsequent streaming of
a heparin/PBS solution (2 mg/ml, FITC labelled heparin was added 1:40). After final PBS
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washing the cellulose hollow fiber membranes were carefully withdrawn from the PTFE tubes
using tweezers and stored in PBS/Pen Strep. For non-aligned collagen coated hollow fiber
membranes, cellulose hollow fiber membranes were filled with a diluted collagen solution (0.1
mg/ml) in HCL for 1h and afterwards rinsed with PBS. Non-treated cellulose hollow fiber
membranes served as control.
2.6 Microscopy
The hollow fiber membranes coated with FITC-labelled collagen and heparin were imaged by
3D imaging using a confocal laser scanning microscope (TCS SP 5, Leica, Bensheim, Germany)
and by epifluorescence microscopy (Olympus BX 61).
2.7 Cell culture experiments
Cell culture experiments were carried out in collaboration with the Tanaka Group of the Max
Planck Institute for Cell biology and Genetics, Dresden following a protocol to culture axolotl
spinal cord neurospheres in cellulose hollow fiber membranes. Neurospheres were obtained by
dissociation of axolotl tail spinal cord and subsequent cultivation in suspension. Spheroids were
drawn inside the hollow fiber membranes via a pipette and cultured for a minimum of 7 days.
3 Results and Discussion
The aim of this study was the formation of longitudinally aligned collagen matrices deposited
to the interior side of cellulose hollow fiber membranes. To achieve this, a collagen solution
was streamed through the cellulose hollow fiber membranes at a constant flow rate. In order
to enable continuous and controlled streaming, cellulose hollow fiber membranes were sealed
within PTFE tubes in an embedding procedure (Figure1). Prior to deposition of collagen,
cellulose was oxidised and subsequently activated to improve collagen immobilization by reaction
of the activated carboxyl groups to the amino groups of collagen. Immediately afterwards the
matrices were created by streaming a collagen solution through the embedded cellulose hollow
fiber membranes by means of a syringe pump according to the recently published method to
align collagen fibrils on planar surfaces (Lanfer 2008). In order to detect the resultant collagen
fibrils FITC-labeled collagen was added to the collagen solution. Streaming of a 1.6 mg/ml
collagen solution through activated cellulose hollow fiber membranes resulted in a homogenous
layer of aligned collagen fibrils longitudinally aligned at the interior side of the cellulose tubes
(Figure2 A,B).
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Figure 2: Cellulose hollow fibre membranes coated with collagen. Interior sides of the membranes
are coated with (A,B) well-aligned FITC-labelled collagen fibrils consistently aligned
along the entire length and width of the hollow fiber membrane (scale bar 50µm),
(C) irregular structures of collagen coils; (D) aligned collagen fibrils decorated with
FITC-labelled heparin (scale bar 65µm).
In most cases, collagen fibril coverage was constant along the entire length (length 8 cm) and
the inner diameter of the cellulose membrane. However, in some membranes, aggregates had
formed and collagen deposition was highly reduced (Figure 2C). In order to detect whether the
cellulose activation process influenced collagen immobilization, streaming experiments with non-
treated cellulose membranes were performed. The quality of the resultant matrices in terms of
consistency and fibril alignment varied remarkably from batch to batch ranging from non-coated
membranes to well-deposited matrices. Thus, it is currently not clear whether the technical
setup or/and the collagen solution as such are responsible for this variation of reproducibility.
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The activation process appeared to improve collagen binding however the nature of interaction
is yet not fully clarified. Further experiments are necessary to optimize the activation process
(e.g. by changing the pH of the activation solution to pH 8 and minimization of PBS rinsing
time before collagen streaming) and the technical setup (better homogenization/ pre treatment
of the collagen solution) in order to rule out possible artefacts during the streaming process and
therefore improve the overall reliability of the process.
The collagen matrices deposited inside the membranes closely resemble those characterized on
planar substrates regarding fibril length and density [7]. Thus, it can be expected that fibril
length and density can be tuned as described previously [7] by varying process-relevant param-
eters such as collagen solution concentration. This is highly intriguing for future cell culture
experiments since it would allow to modify the matrices according to the cell type of interest.
The 20-100 nm diameter fibrils in our matrices are comparable to the 30 – 110 nm fibrils found
in the endoneurium that surrounds axons and thereby guides neurite migration [11]. Thus, we
established a system that resembles the structural architecture of nerve ECM found in vivo.
In an effort to mimic native ECM structures more closely and to enable growth factor bind-
ing, we functionalized the aligned matrices with heparin. Heparin is known to mediate protein
binding and bind growth factors relevant for nervous tissue regeneration. The aligned matrices
were first reconstituted, and then a heparin/PBS solution (2mg/ml) was subsequently streamed
across. Fluorescent micrographs revealed that FITC-labelled heparin is co-localized with the cor-
responding fibrillar matrices indicating that this 1-step functionalizing process decorated most
of the collagen fibrils with heparin (Figure 2D). Thus, our method enables the study of multiple
biochemical and physical cues in a single set-up and provides a versatile cell culture platform
that can be tailored as needed.
In order to test the applicability of the novel conduits for neural tissue engineering axolotl spinal
cord derived-neurospheres were chosen as cell culture system. The neurospheres were cultured
in cellulose membranes (2 hollow fiber membranes for each condition: aligned collagen, non-
aligned (tropo-)collagen, non-coated) for 7 days to assess cell viability, adhesion and proliferation.
It appeared that in tubes coated with collagen (both aligned and non-aligned) neurospheres
adhered immediately after insertion (Figure3AB). When compared to non-coated membranes,
cell adhesion occurred more rapidly. Moreover, cells appeared to proliferate faster on collagen-
coated tubes than on non-coated ones. These preliminary data show that the presence of collagen
seems to have a stimulating effect on spinal cord-derived neurospheres. In further experiments
we aim to investigate the influence of aligned fibrils in comparison to non-aligned collagen in
more detail.
4 Conclusion
Within this study we showed the fabrication of a guidance conduit containing aligned fibrillar
guidance cues that can be used in neural tissue engineering applications. Using our recently de-
veloped shear flow method, we demonstrated the deposition of longitudinally aligned collagen to
the interior walls of cellulose membranes and the subsequent functionalization with heparin. Our
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Figure 3: Phase contrast (A) and fluorescent image (B) of GFP-expressing axolotl spinal cord
neurospheres cultured in collagen-coated cellulose tubes for 7 days (scale bar 200 µm).
first cell culture experiments showed that the tubes coated with aligned collagen well supported
viability and adherence of spinal cord-derived neurospheres. This study provides a strategy to
fabricate advanced guidance conduits combining aligned structural and biochemical cues in one
system to be utilized for nervous tissue regeneration.
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Bornhäuser, and Carsten Werner. The growth and differentiation of mesenchymal stem and
progenitor cells cultured on aligned collagen matrices. Biomaterials, 30(30):5950–5958, Oct
2009.
[10] Tsuguyuki Saito, Satoshi Kimura, Yoshiharu Nishiyama, and Akira Isogai. Cellulose
nanofibers prepared by tempo-mediated oxidation of native cellulose. Biomacromolecules,
8(8):2485–2491, Aug 2007.
[11] H. J. Gamble and R. A. Eames. An electron microscope study of the connective tissues of
human peripheral nerve. J Anat, 98:655–663, Oct 1964.
8
Publikationsliste
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